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1.  Background 


1.1  Soldier  Kiihancenient  Program 

The  Ll.S.  Army  has  recently  initialed  a  program  to  investigate  teelinologies 
that  could  enhance  the  perrormanee  of  the  individual  soldier  of  the  future. 
Possible  materiel  enhaneemenls  include  eleelronie  devices  such  as  indi¬ 
vidual  voice  and  data  communications,  navigation  and  display  devices, 
night-vision  and  enhanced  hearing  systems,  and  weapon  ranging  and  sight¬ 
ing  devices;  individual  eliniatie  conditioning  for  heat  and  cold  extremes; 
direeted-cnergy  weapons;  and  systems  to  enlianee  mobility  and  strength, 
such  as  individual  equipment  carriers  or  exoskeletal  devices, 

1.2  Power  System  Requirements 

All  such  hardware  items  will  require  power  for  their  operation.  The  elec¬ 
tronics  items  alone  might  he  powered  by  advanced  batteries.  But  the  eli- 
malie  conditioning,  potential  direeted-cnergy  weapons,  and  mobility-  and 
strenglh-enhaneemenl  devices,  alone  or  in  combination  with  the  eleeironies 
items,  will  certainly  require  engine-driven,  or  at  least  nonbattery-type  power 
supplies.  1  have  given  an  estimate  ot  such  power  requirements  in  table  1. 
The  specific  values  are  subject  to  change,  us  the  result  of  detailed  evalua¬ 
tions  being  d^)ne  elsewhere.  Note  that  the  gross  power  levels  requircil  tail 
into  two  classes:  an  =l-hp  class  (assuming  power  for  all  electronics  items 
plus  eliiiiatie  conditioning  plus  accessory  and  conversion  losses)  and  a  .S-  to 
lO-hp  class  for  exoskelcion  or  other  mobility-enhaneemeni  devices. 

1.3  Status  of  Miniature  Engines 

No  engines  in  these  elas.ses  are  now  available  in  the  Army  1 1  ]  or  industry 
that  are  suitable  for  the  individual  soldier  to  "wear  on  his  back"  on  the 
battlefield.  Such  engines  should  preferably  provide  relatively  low  power  at  a 
low  weight  and  si/e,  with  low  vibration,  thermal,  and  noise  signatures, 
meeting  stringent  ruggedness  and  operational  duration  requirements,  and 
preferably  using  the  militarily  available  diesel  fuels.  Such  a  combination  of 
features  suggests  that  the  solution  is  to  develop  special  power  systems  for 
this  kind  of  soldier  application.  Appendix  A  is  a  complete  listing  and 
discussion  of  the  individual  requireiricnls,  or  evaluation  factors,  for  such 
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1.4  Army  Engine  Program 

To  address  tliis  power  system  delieiency,  die  Army's  Natick  Researeli, 
Development,  and  Engineering  (RD&E)  Center  commissioned  tlie  Army's 
Belvoir  RD&E  Center  (BRDEC)  to  conduct  a  “front-end”  study  of  potential 
power  systems  that  might  be  suitable  for  the  future  soldier's  needs.  This 
report  is  ;i  part  of  that  study.  A  limited  level  of  effort  and  a  short  schedule 
prevented  extensive  analytical  evaluation,  so  the  result  is  somewhat  general 
and  subjective  in  nafure.  More  time  to  develop  and  consult  additional 
rofeiviu'e  materials  should  prove  valuable  during  follow-on  investigations. 

1.5  Author’s  Relation  to  Project 

During  1960  the  author  w'orked  as  a  mechanical  engineer  for  the  ll.S.  Army 
Transportation  Corps,  conducting  investigations  in  the  area  of  “light  steam 
vehicular  power.”  During  this  period.  1  developed  an  appreciation  of  the 
potential  advantages  of  vapor  and  liquid-cycle  external  combustion  en¬ 
gines,  including  their  potential  for  compactness,  quiet  and  efficient  opera¬ 
tion.  and  ability  to  burn  any  fuel.  Some  of  the  information  used  in  this  report 
has  been  taken  from  reference  material  gleaned  from  the  light-steam-power 
project  files  at  that  time. 


2.  Introduction 


2. 1  Types  of  Power  Systems 

Many  typos  ol'  power  sys:cnis  can  be  considered  tor  individual  soldier 
applications.  One  possible  classirication  scheme  is  given  in  figure  1.  (One 
type  not  shown  is  the  direct  energy-conversion  systems— -tliennoelectric, 
theniiionic,  and  inagnetohydrodynainic.)  Tliis  report  focuses  on  tlie  con¬ 
tinuous  external  combustion  engine  technologies  wiiere  the  basic  energy 
source  is  a  petroleum-ba.sed  liquid  fuel. 

2.2  Internal  Combustion  Engines 

Small  internal  combustion  engines  are  available  now  from  the  model  plane 
hobby  trade.  They  are  inexp..  nsive  and  they  deliver  attractive  gross  lior.se- 
power-to-weiglit  and  si/.e  ratios  on  the  order  i>f  1  5  hp/lb  and  ?>  hp/in.^ 
displacement  (see  fig.  2  and  table  2).  However,  they  have  minimal  fuel, 
cooling,  and  other  accessory  systems,  they  run  on  special  fuel  (alcohol  and 
nitrometl'.ane  with  oil  added),  they  run  at  very  high  speed  (10,000  to  .s0,()00 
rpm).  they  are  somewhat  difficult  to  silence,  and  they  are  not  designed  for 
long-duration  dependable  operation.  BRDEC  is  investigating  the  necessary 
modification  and  possible  adoption  of  this  engine  technology,  in  addition  to 
’■weed-whacker"  type  of  two-cycle  ga.soline  engine  technology,  for  iitdi- 
vidual  soldier  power  u.ses.  Both  durable  (long-life)  and  disposable  (short¬ 
life)  internal  combustion  engine  systems  are  being  ccnisidered. 


Kinurt-  1.  r(»ssil)li‘  classification  of  some  power  sjslciiis. 
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internal  eambustion 
tii^iiH-  ( TdMfr  Ilot)l)ii'> 
Catalof;.  IWl). 
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jjrade  internal 
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2.3  I'xtenial  Combustion  Knjiiucs 


III  coiiiia.v'.  lo  the  internal  eoinbiisiion  eni:iiK'.  wlicix'  liiel  Inirnod  iiiioetl\ 
in  itie  workni!;  Ilnui  (an  ),  external  v  omhuMion  eneinex  use  a  wniknii:  tlnui 
or  siihsianee  such  as  water,  steam,  or  air  llial  is  lieated  in  one  loealion  and 
then  delivers  iis  tlienna!  ctierex  elsewhere,  similar  to  a  home  heatine 
sx  stem.  I'Xternal  eombnstion  engine  ilesion  aiul  ile\  elo|)ment.  in  the  torm  of 
the  steam  eniziiie,  preeeded  de\elo|imenl  of  ihe  internal  eomlnislion  eneine 
hy  over  100  sears.  Its  eontiniied  development  for  inolnle  apiiheations  s'. as 
slosved  and  essentially  lialterl  after  tlie  seeond  World  War,  bs  the  sueeessful 
ties elo|iment  of  the  internal  eombnstion  eneine  aiul  its  snpportine  infra- 
strnetnre,  the  tlevelopmenl  td  eonsenient  eleetrieits  from  knee  eeniral 
power  plants,  aiul  by  the  inahiliis  of  iiuiepeiulenl  (aiul  often  iniraetaMe) 
inventors  to  seenre  aiul  sustain  the  fmaneial  suppv'rt  neeessars  tt'  atKanee 
the  teehnoloe\  |2|,  1 'sternal  eotnbnstitm  eneines  ean  be  eontrasted  with 
internal  eombnstion  eneines  as  siunsn  in  table  .V 
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1  able  3.  Contrast  of  csternal  CKiiibustion  petwer  systems  with  internal  eoiiibustion  power  systems 
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Past  prailiii  has  biin  pinci.ills  inellieieiil  (ixeepi  kn  eeitain 
ilisipi.s) 

I’.isi  piailiii  has  been  soniewhal  hiaiy  aiul  bulky 

Piopei  liibnealkiii  is  ollen  iIiHiiiiIi 

Conliols  ami  ausi'iaiy  Minis  lend  lo  be  nu'ie  iMensive  itiail  loi 
inieinal  loiiibusiion  engine 

e'liniially  nieissai'  lo  have  '  elosn.l  lyeli"  o|'eialion  meyile 
woikmp  nuid);  llns  lends  lo  iieali  sealiiii:  pi  iblenis 


2.4  Whv  Revive  External  Combustion  Technology? 

Ikvaiisc  ilio  Army  is  now  faced  with  a  now  reqiiireinent  that  will  bo 
especially  difficult  to  meet,  end  one  that  is  positioned  in  a  specialized 
military  field,  it  seems  appropriate  to  reconsider  the  special  advantages  of 
external  combustion  technology  with  an  open  mind.  The  advantages  of  the 
external  combustion  engine,  particularly  its  nuiltifuel  capability,  quiet  op¬ 
eration.  and  low  pollution  output  |.3|.  are  attractive  enough  in  view  of  tile 
individual  soldier  application  (and  other  applications  such  as  robotic  sen- 
sors/w'eapoiis  and  special  forces  communications)  that  the  Army  should 
locus  some  research  ef  fort  on  seriously  exploring  its  potential. 

2.5  Hoyv  to  Revive  Externa!  Combu.stion  Technology 

The  potential  disadvaiiiages  of  external  combustion  systems  listed  in  table  ?> 
can  be  overcome  by  modem  materials  and  design  practiees,  such  as  the  u.se 
ol  advanced  eerainic  and  metallic  mateiials,  solid  lubricants  and  special 
coalings,  high-pcri'onnancc  seals  from  the  spacecraft,  nuclear,  and  w  aier-  jet 
cutting  industries,  and  generally  higher  operating  pressures,  lemperaiures, 
and  speeds  than  were  u.sed  in  early  praeiiee.  'llie  fact  that  the  engines  are 
small  and  inieiuled  for  service  in  eombinatioii  w  ith  a  generator  and  battery 
(and  possibly  electric  or  hydraulic  drive  systems),  which  ear.  be  u.sed  lo 
lex  el  the  electric  load  and  tend  toward  constant-speed  opeiaiion,  may  also 
prove  to  he  an  advantage  for  this  application. 
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Externa!  Combustion  Engine  Types 


TIk'iv  aio  tour  basic  ly[vs  of  external  conil'i;Mion  engines,  classilied  ac- 
ct)rdine  to  the  working  substance  used:  gas.  vapor,  liquid,  .ind  solid.  An¬ 
other  type,  lun  having  a  shal't  output  and  not  considered  here,  uses  an 
electrically  charged  aeiosol  as  the  wot  king  inediuni  14). 

3.1  (Jas  as  VVorkinj*  Substance 

The  Stirling  cxtcrn.il  combustion  power  system,  named  tor  the  Scottisli 
inventor  ot  its  high-cliiciencx  thermodynamic  cycle,  is  the  in  iiuai  y  c.xainpic 
that  uses  gas  as  a  working  substance.  Gas  is  attractive  as  a  \xorking  tluid  in 
that  it  is  relatively  easily  liandlcd  (within  the  engine)  and  does  not  have 
appreciable  low-temperature  storage  and  starting  problems.  Another  advan¬ 
tage  is  that  it  is  relatively  easy  to  make  the  power  system  operate  in  any 
attitude,  lartential  disadvantages  of  using  a  gas  as  a  vxorking  tluid  are  that 
relatively  large  quantities  need  to  be  transported,  and  heat  transfer  is  rela¬ 
tively  le- s  etficient  than  lor  the  other  types  ol  working  tliiids.  lints,  the 
engine  system's  pumping  and  heat  uansfer  components  tend  to  bo  some¬ 
what  bulkv  Also,  gases  such  as  bch'mi  and  hydrogen  are  desired  foi 
improved  performance,  and  their  use  :  ..kcs  leak-proof  seals  niandatoi). 
Natick  Rot's;!:  Center  is  currently  e.xpi  lOg  i.  miaiure  free-piston  Siirling 
eiigine  lechnologv  iui  individual  stildiei  ti;  plicatiCuis  utuicr  a  cc-niiact  with 
Mechanical  Technology.  Inc.,  of  l.athani.  NY.  Natick  will  report  on  this 
t)  pe  of  external  combustion  teclmoU'gy.  so  it  is  not  discussed  further  in  this 
report. 

3.2  Solid  as  Working  Substance 

At  the  other  end  of  the  working  substance  sjicclrum  are  engines  that  usc  a 
solitl  as  the  heai-transfei  medium.  The  primary  exaiviple  is  engines  made 
using  Nitinol  memory  metal  wires  m  strips.  Man)  diiTerent  conligurations 
liavc  been  explored  |.S  Vj.  Thc\  can  operate  on  the  reversible  th.erniody- 
namic  cvvies.  including  the  Tricssoii  cvcle  (constant-pressure  heat  ex 
changes)  or  the  Stirling  cycle  (constaiu-volume  heat  c.xchanges).  1  war  ex¬ 
ample  engine  concepts  are  show  n  in  'igure  .v.  Adv  antages  of  a  solid  woiking 
substance  are  tlie  absence  of  fluids  needing  ti^  he  sealed,  and  simpliciiv  of 
construction.  Disiulvanlages  include  slow  -speed  operation  t,  which  translates 
to  low  power  densit))  and  rciaiively  low  thermal  efficiency;  abou;  10 
percent  at  best.  esp,eciallv  at  the  limited  material  strains  needed  to  preserve 
durability.  Beettuse  of  the  significant  disadvantages  of  using  a  solirl  working 
substance  with  respect  to  the  requirements  for  an  individual  soldier  power 
system,  this  type  of  engine  is  not  recommcndcil  tor  fuithcr  investigation, 
anil  is  not  discussed  further. 


Vapor  as  Working  Substance 

When  vapor  is  considered  as  the  working  substance,  tlie  nriinary  example  is 
the  steam  engine.  (Some  engines  have  also  used  t’luorocarbon-based  and 
other  working  fluids.)  Vapor-cycle  engine  systems  generally  operate  by 
convening  the  working  substance  between  its  liquid  and  gaseous  form.  This 
allows  for  more  compact  pumping  and  heat-cxclianger  components  than 
when  a  gas  is  used  as  the  working  substance.  Water  vapor  particularly  is 
readily  available,  highly  characten/ed,  and  generally  tractable,  as  demon¬ 
strated  by  its  long  and  successful  history  of  application.  Disadvantages  of 
steam  as  a  working  substance  include  poor  lubricity,  problems  accommo¬ 
dating  engine  operation  at  below-freezing  temperatures,  and  the  need  to 
manage  the  heats  of  vaporization  and  liquefaction  when  the  working  sub¬ 
stance  is  constantly  converted  back  and  forth  betVv'een  the  vapor  and  liquid 
states. 

Liquid  as  Working  Substance 

\'ery  few  engines  have  been  demonstrated  that  use  liquid  as  the  working 
substance.  An  engine  patented  by  W.  B.  Westcott,  Jr.  [lO],  and  demon¬ 
strated  by  the  Cleveland  Pneumatic  Tool  Co.  around  1958  to  1960  (fig.  4)  is 
the  major  exatnple  I  have  found.  It  is  based  oti  compressing,  heating,  and 
then  expandtttg  a  liquid  substance  such  as  acetone  oi  an  oil.  The  compress¬ 
ibility  of  liquids  has  'ong  been  used  to  advantage  in  springs  for  aircraft 
landing  gear  and  punch  press  operations  j  1 1  ].  The  advantages  of  a  liquid- 
cycle  based  engine  are  compact  size  because  of  the  high  working  pressures 
invol  .od  ( 1(1  to  20  hp/in.  '  of  engine  displacement),  no  change  of  slate  of  the 
working  substance,  efficient  beat  transfer,  and  suitable  lubricity  (for  certain 
liquids).  The  major  disadvantage  is  the  high  working  pressure  (lO.OOO  to 
dO.OOO  psi)  and  associ.iicd  high-performance  seals  needed  to  achieve  ad¬ 
equate  coinprcssioii/cxpaii  ion  nilios. 


rij»ure  4.  Liqiiid-cvcle 
heat  engine  |  lU]. 


I 

L 


4.  Steam  Engine  Technology 

4.1  Types/Classification 

Hundreds  orditTcrcnt  configurations  of  steam  engines  have  been  built  over 
tlic  last  200+  years  il21.  Ihese  include  reciprocating,  rotary,  and  turbine 
(steady-tlow)  units.  Reciprocating  engine  designs  include  single-cylinder, 
in-line,  vee,  opposed- piston,  and  free-piston  arrangements  operating  on 
“two-stroke"  cycles.  Steam  is  cKpanded  in  a  single  cylinder  or  multiple 
(compound)  cylinders,  using  pistons  that  are  single-acting  or  double-acting 
(pres.sure  applied  to  botli  forward  and  reverse  stroke).  Compound  units  may 
reheat  the  steam  between  cylinders.  Steam  has  been  admitted  through  slide, 
rotary,  and  poppet-type  valves,  and  exhausi  can  use  the  unitlow  (exhaust  at 
bottom  of  stroke)  or  the  counter-llow  (exhaust  at  top  of  stroke)  principle. 
Exhaust  can  be  discarded  (“open-cycle"  as  in  railroad  steam  engines)  or 
recovered  in  a  condcn.ser  (“clo.sed-eycle").  Exhausi  condition.^  can  be  con¬ 
densing  (mixture  of  water  and  vapor)  or  mrncondensing  (saturated  or  super¬ 
heated  steam  only). 

Condensers  include  vacuum  units  to  allow  additional  expansion  or  energy 
extraction,  atmospheric  pressure  units,  and  units  with  regeneration  to  trans¬ 
fer  waste  heat  to  the  boiler  lecd-w;itcr.  Boilers  to  generate  the  steam  have 
been  of  ihe  fire-uibe  lypc  (as  in  laiiioad  and  llie  Stanley  skani  cai  piaiiis) 
and  watet  tube  type  (as  in  central  generating  stattans  and  more  modern 
vehicular  steam  engines).  Boiler  circulation  can  be  by  natural  convection  or 
forced  by  pumping,  as  in  the  once-through  “flash"  boilers  used  in  vehicular 
light  steam  power  plants  and  some  domestic  hot-water  heaters. 


4.2  Status  of  Light  Steam  Power 

Except  for  central  power-generating  stations  and  power  plants  for  some 
large  ships,  steam  or  other  vapor-cyele  engines  are  rarely  used  today.  The 
potential  advantages  of  steam  power  for  modern  commercial  vehicular 
applications  are  far  outweighed  by  the  disadvantages  of  attempted  competi¬ 
tion  against  the  deeply  eiilreiiched  and  highly  advanced  internal  combustion 
vehicular  engine  technology,  it  makes  sense  to  consider  vapor-cycle  leeh- 
nology  only  for  special  applications,  such  as  power  for  space  platforms  and 
new'  military  systems.  'I'lie  individual  soldier  power  systems  are  just  the  type 
of  application  where  a  void  cxi.sts  in  engine  technology,  and  an  open  mind 
can  seek  fair  evaluation  of  all  appropriate  alternatives. 
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A  review  of  pa.st  mobile  steam  power  practice  reveals  that  steam  lost  out  to 
die.scl  and  electric  propulsion  for  railroads  because  steam  locomotive  power 
failed  to  modenii/.e  in  a  timely  manner.  I  hc  fire  tube  boilers  employed  up  to 


the  very  end  of  the  era  could  not  operate  at  the  high  pressures  and  tempera¬ 
tures  required  for  efficient  themial  performance.  The  Doblc  and  White 
steam  automobiles  and  the  Bcsslcr  Corporation’s  steam-powered  aircraft 
did  use  forced-circulation  vvatcr-tube  boilers,  and  they  advanced  mobile 
steam  propulsion  to  a  fairly  high  level.  The  Doble  car  was  noteworthy  I'or  its 
relatively  highly  developed  automatic  control  system,  and  Bessler  was 
noted  for  his  efficient  and  lightweight  boiler  designs  [  13).  However,  these 
companies  also  did  not  modernize  to  the  extent  necessary  to  compete.  They 
failed  to  employ  the  highly  efficient  unifiow  [14,15]  engine  design  practice 
(see  the  excerpt  from  Barnard  et  al  j  12],  app  B),  similar  to  the  U.S.  auto¬ 
makers'  recent  failure  to  employ,  in  a  timely  manner,  the  multi  valve  per 
cylinder  internal  combustion  engine  technology  advanced  by  Japanese  auto¬ 
makers.  Ayres  and  McKenna  have  written  an  excellent  book  [  16]  covering 
all  varieties  of  vapor-cycle  engines  and  other  types  of  potential  power 
systems  for  vehicular  applications. 

Perhaps  the  closest  anyone  came  to  being  competitive  in  modern  vehicular 
steam  engine  technology  was  the  engine  developed  by  the  Williams  Engine 
Co.  of  Hatfield,  PA,  between  1932  and  1970  [  17, IK].  The  Williams  engine 
employed  high-pressure  (1000  psi)  and  high-temperature  (10()0°F)  steam, 
generated  in  a  monoiube  fla.sh  boiler,  to  drive  a  high-compression,  unifiow, 
single-expansion,  noncondensing,  multicylinder,  poppet-valve  engine  at 
high  rpm  (see  excerpt  from  Wise  ]  19],  app  B).  The  unifiow  engine  pressure- 
volume  cycle  is  similar  to  'he  air-standard  diesel  thermodynamic  cycle, 
wherein  residual  exhaust  steam  in  the  cylinder  is  i.sentropically  compressed 
to  boiler  pressure  and  high  temperature,  thereby  providing  ideal  conditimis 
for  preserving  (and  perhaps  increasing)  the  energy  in  the  incoming  steam.  A 
pressure  relief  valve  built  into  the  cylinder  head  of  the  Williams  engine  (fig. 
-5)  is  used  to  regulate  peak  pressures,  and  direct  oil  injection  in  the  cylinder 
wall  is  u.sed  to  provide  proper  lubrication  under  the  high  steam  temperature 
conditions, 

A  four-cylinder  .Sb-in.-^  Williams  engine,  used  to  power  a  city  bus  through 
the  hills  of  Pennsylvania,  reportedly  gave  better  performance  than  the 
original  internal  combustion  pvrwer  plant.  Variou."  lab  te.sts  of  Williams 
engines  have  supposedly  given  thermal  efficiencies  in  the  range  from  30  to 
3K  percent. 

Performance  Potential  and  Resolution  of  Problems 

The  Williams  high-performance  engine  lechnology  is  suggested  as  the 
starting  point  for  the  design  of  miniature  advanced  vapor-cycle  power  plants 
for  the  Army’s  individtial  soldier  power  applications.  It  is  expected  that  high 
overall  system  pci  Ibrmance  can  be  sustained  by  ( 1 )  employing  high-speed 


Figure  5.  Williams 
engine  pressure  relief 
valve  arrangement  [17], 


July  5,  1950  c.  c.  williams  2,943,608 

SICAK  EMGINE 
Filed  Jut*  8,  1959 


operation  of  a  small  engine;  (2)  using  modern  ceramic  and  metallic  materi¬ 
als.  modern  solid  lubricants  and  antiweur  coatings,  and  modern  high-tem- 
pcrature-insulation  materials;  and  (3)  employing  advanced  heat  exchanger 
and  burner  practice,  along  with  modem  electronic  control  systems,  to  re¬ 
duce  the  size  and  weight  of  boiler  and  condenser  components.  The  recent 
development  of  graphite  pistons  by  Mercedes  Benz  120J.  to  improve  sealing 
and  lubrication  and  to  reduce  friction  in  the  internal  combu.stion  engine,  is 
an  example  of  modern  technology  that  is  expected  to  be  of  significant 
benefit  to  advanced  vapor-cycle  engines. 

Miniature  steam  turbine  engine  technology  might  also  be  considered  for 
evaluation  against  the  requirements  for  the  individual  soldier  power  system. 
This  report  does  not  pursue  this  option,  since  the  very-high-speed  operation 
and  the  large  quantities  of  steam  traditionally  required  by  this  type  of  engine 
would  probably  be  insurmountable  disadvantages  for  a  miniature  power 
system.  However,  there  may  be  special  stcady-llow  engine  designs,  un- 
knov.'n  to  this  author,  that  could  overcome  these  disadvantages. 
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4.4  Comparison  with  Evaluation  Factors  for  Individual  Power 
Systems 

Table  4  gives  a  preliminary  evaluation  of  potential  vapor-cycle  engine 
technology  against  the  individual  soldier  power  system  requirements  or 
evaluation  factors  from  appendix  A.  The  vapor-cycle  power  system  is 
expected  to  nteet  or  exceed  all  requirements,  though  it  will  probably  be 
slightly  more  expensive  than  an  internal  combustion  engine  solution,  and 
special  design  and  operating  practice  w  ill  have  to  be  used  to  meet  the  all¬ 
attitude  and  cold-temperature  requirements. 


Table  4.  Vapor-cycle  engine  preliminary  evaluation 

Factor  Frt^s  Cohn 


Cost 


Wci^thi 


SigiKiiurc: 

noise 

electromagnetic 

infrared 

visual 


Safety 


Vibration, 
gyroscopic  forces 


Attitude 
Shelf  life 


Dcvekipnicnt  costs  c\|Vctod  to  be  little  dilierciit  than  lor  any  nc  a 
miniature  Ingh-peifonnancc  duuil'le  engine  sysieni. 

Mainieiiaiiee  eosts  may  Ik*  slightly  less  hoeause  tif  denionslraled 
long  life  ol  steam  engines. 


I’loduction  eosls  expeelei!  lo  be  soiiiewluil 
higher  than  for  inienial  eoinhustion 
engine  because  ot  cost  ol  steam 
geiieiamr.  special  coiinol  sysleiii.  and 
special  iiialcrials.  Overall,  eslimale  I  S- 
2l)'ir  premium  for  this  technology  over 
inlcmal  eomhustion  engine. 


Weight  of  this  high-perform.uiee  engine  system  -s  expected  lo  he 
competitive  with  other  leetiiiologies  t'l' equivalent  low-  miise 
and  tliescl  fuel  perfotniaiiee.  Cstimiiied  sysieni  weight 
(including  (ucl)  lor  24-hr  op-.'ralion  at  166  W  avg.  power  is  -20 
lb. 


Steel  ssill  In'  basic  coiisli uctioii  maieiial  to 
get  duiability  and  pcrfoniiance  at  high 
leinpcra'iires  and  prcs.sures.  Not  as 
ligliiweigi:l  as  air-cooled  aluniinuni 
iiiodel  aiipiaiie  engines. 


Noise  is  exireeled  to  be  small  (for  equivalent  suppression)  because 
external  combustion  systems  arc  inhcrcnilN  quiet  (as  .ire  lionic 
hc'  ling  systems).  lilcctroiiiagnelic  signature  is  expected  to  be 
slight  in  that  there  is  no  liigh-vnliage  continuous  ignition 
system  required  after  starttqi  li.gl'-efiieieney  eombiistion  will 
give  exceptionally  dean  exhaust. 

Air  pollutants  from  extennil  conibuslloii  sy.sicins  are  the  lowest 
achievable  Pressure  of  working  lliiiil  is  iiiit  dangerous  because 
of  exceptionally  small  volunic  and  packaging  shielding. 

Opposed-piston  engine  design  is  mherenlly  balanced  to  high  degree. 
All  components  aic  very  siitall  and  speeds  arc  nioticralc  for 
engine  of  this  si/e. 


Inlrarcd  signature  is  expected  to  be  equivalent 
lo  Ollier  engine  systems  in  tliai  the 
overall  thcnnal  efficiency  is  similar. 

Peak  engine  tcnipcraiiires  arc  relatively 
kns'.  but  eombiistion  iem|>eralurc  is 
similar.  .Signature  w  ill  he  higher  than  for 
battery-only  system. 

Foel  comhiiMiisn  temperature  and  exhaust  ate 
siimlai  lo  any  engine  system.  Hot 
surf.tees  svil!  Itave  .shields  and  guards. 

Vihralioii  and  gyio  forces  should  be 
negligible,  though  nutre  lha.i  lor  a 
battery -only  .system. 


Hxpecled  to  be  aiiictuihlc  to  opciaiioii  at  any  attitude,  as  is  iioniial 
lor  aireraft  engines. 

High  grade  materials  should  |vntiit  iiidelimie  sioiage  nine  wnhoiii 
lluids. 


Design  lor  operation  in  any  auiiudc  Is 
expected  m  be  ditkculi. 
l-'uel,  oil.  anil  water  will  be  required  lo  be 
installed  upon  issue. 


Inlegraled  iogisiics  Special  fuel  is  not  required;  diesel  is  used.  .System  will  he  designed 
support  for  a  long  life  as  traditionally  demonsiraicd  lor  steam  power 

systems  l.ow  cost  and  small  si/e  will  permit  easy  leluin  and 
exeliaiige  ol  detective  miits. 


Reliability/  Maintenaiiee  inamial  can  be  sloieil  in  soklier's  eoinpulei.  Steam 

availability/  engines  are  iraililionally  tugged  and  o|K-rale  lor  long  pet  tods 

niaiiilainability  without  maintenaiiee. 


Size 


Siartiiig/restaniiig 

Efficiciiey 


A  tiigh-pcrkirmanee  engine  system  is  expected  to  In  in  a  shoe-box 
si/e  volume  of  -0.  t  ft  Packaging  w  ill  provide  ease  of 
handling  and  use. 

Starting  will  he  aulotiiatic  ai  llie  press  ol  a  billion.  Kestailing  w  ill 
Ixt  aulomalie.  just  as  it  is  for  home  healing  systems. 

This  is  an  efficient  engine  .system;  cxpectetl  tlicntial  perfonnanee  i.s 
similar  to  that  of  a  hign-pci  fonnancc  d'csci  engine.  Nominal 
fuel  consumption  is  csliinaled  at  less  than  l).().4  gal/lit. 


Routine  maiincnaiiee  will  be  needed  us  foi 
any  engine  .yste m.  Detailed 
i»[*etation/inainlenaiice  manual  should 
permit  any  engine  mcchame  lo  service 
system. 

Pilot  light  will  be  required  lo  protect  against 
tiee/mg  lemjteratures,  but  all 
eoniponents  except  eotidenscr  arc 
thermally  iiisululed. 

System  will  piobably  lun  be  as  small  as  a 
disposable  moilel  aii|'.kme  engine. 

Proper  o|Viatmg  lentperatuie  for  lull  load 
sliouki  be  reached  in  about  5  11)  seconds. 

High  tcinperatuics  and  picssuics  (1(KXI"I\ 
I2l)i)  psj)  are  required  lor  ctficient 
operation. 
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5.  Vapor-Cycle  Engine  Approach  for  Individual  Soldier 
Requirement 

5.1  System  Block  Diagrams 

Block  diagrams  i'ora  steam  plant  lor  individual  soldier  pov/cr  use  are  shown 
in  figure  6.  It  is  assumed  that  a  motor-generator  would  be  used  for  engine 
starting/restarting  and  electrical  power  production.  It  also  serves  as  the 
engine  llywheel.  The  system  battery  would  be  large  enough  to  meet  all 
system  power  requiiemeiits,  not  only  for  engine  .starting,  but  afso  for  all 
operations,  including  driving  the  refrigeration  compressor,  during  periods 
of  up  to  a  half  hour,  whenever  "silent"  and  low-thermul-signature  conditions 
must  be  met.  It  also  .serves  as  the  major  load-leveling  device  to  accommo¬ 
date  needed  pow'er  surges  and  other  transient  requirements.  The  refrigera¬ 
tion  compressor  for  cooling  can  be  driven  directly  by  the  engine  to  save  an 
additional  electric  motor  and  improve  efficiency.  A  modular  arrangement 
has  been  devi.sed.  wherein  the  compressor  or  other  auxiliary  items  can  be 
attached  externally,  as  required  by  the  mission. 

The  blower  is  assumed  to  fulfill  the  air-handling  requirements  for  the 
condenser  as  well  as  the  burner.  The  control  system  box  includes  all  sensors 
and  actuators  that  would  be  required  for  fully  automatic  control  of  the 
various  pressure,  temperature,  and  llow-iatc  functions.  A  feed-water  preheater 
component  (probably  part  of  the  condenser)  is  assumed  to  provide  recovery 
of  available  exhaust  heat  from  the  engine.  An  alternative  approach  to  waste 
heat  recovery  (which  is  not  considered  further  in  this  report)  is  to  employ  a 
miniature  exhaust-driven  steam  turbine  to  power  some  of  the  engine 
accessories. 

5.2  Mission  Profile 

breiimmary  requircnienis  ioi  indiviuLial  soldiCr  mission  power,  obtamed 
from  BRDEC,  arc  shown  graphically  in  figure  7  lor  a  nominal  3()0-W 
system  having  a  25-percent  overload  capability.  (100-  and  700-W  systems 
are  also  suggested,  but  the  100-W  requirement  can  probably  best  be  handled 
by  batteries,  and  the  700-W  requirement  would  b'-  a  simple  extension  of  the 
3()0-W  system.)  The  average  power  and  cumulative  energy  requirements  for 
(v.  12-,  IS-,  and  24-bour  mission  scenarios  are  also  shown,  again  assuming 
the  nominal  30(  -W  system. 


IS 


Figure 6.  Vapor-cycle 
power  .system  block 
diagrams. 
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assumed  power  proFilc. 
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5.3  Engine  Sizing  and  Configuration 

Appendix  C  (sect.  Cl)  shows  how  engine  size  can  be  detennined  based  on 
assuming  a  peak  output  capacity  of  375  W,  a  motor-generator  and  refrigera¬ 
tion  compressor  efficiency  of  70  percent,  an  engine  speed  of  9000  rpin,  an 
engine  accessory  requirement  of  100  W,  and  an  engine  mechanical  effi¬ 
ciency  of  85  percent.  These  values  result  in  an  engine  indicated  power  of  1.0 
hp.  Compared  to  efficiency  a.ssumptions  discussed  later  (see  sect.  5.8).  this 
power  level  is  expected  to  be  conservative  by  about  25  percent.  Volumetric 
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sizing  of  the  engine  depends  on  llie  indicated  mean  effective  pressure 
(IMKP)  during  the  engine  cycle.  If  an  IMEP  of  100  psi  is  assumed  (based  oii 
typical  practice),  an  engine  swept  volume  of  0.44  in.-^  is  obtained. 

A  two-cylitider  opposed-piston  engine  configuration,  liavitig  a  common 
steam-adtnission  arcii.  is  proposed  to  obtaiti  good  control  over  the  high 
compression  ratio  desired  (-30-35  to  1),  to  consolidate  the  high-tempera- 
ture  portions  of  the  engine  for  best  thermal  management,  and  to  provide 
optimum  balance  of  reciprocating  forces.  The  result  is  an  engine  bore  of 
0.75  in.  and  a  stroke  foreaclt  piston  of  0.5  in.  Based  on  conventional  internal 
combustion  engine  practice,  an  engine  of  this  size  should  not  have  any 
probletn  attainitig  tlie  9000-rpm  speed  reiiiiirement. 

A  full-scale  layout  of  the  sugge.sted  engine  configuration  is  shown  in  figure 
8.  The  “cross-head"  pisicMi  configuration  allows  for  the  high-teniperaturc 
ceratnic  or  graphite  piston  crown  to  be  septiratcd  from  the  low-temperature 
section  attached  to  the  lubricated  connecting  rod.  The  two  pistons  are 
synchronized  by  means  of  four  spur-gears,  although  a  high-performance 
belt  or  chain  might  be  considered  for  this  function  during  detailed  design. 
.\11  gears  are  shown  as  the  same  size,  but  they  can  be  made  different  sizes  if 
needed  to  d'^ive  auxiliary  loads  at  higher  or  lower  optimum  speeds.  The 
central  engine  component  is  about  1 .0  in.  in  diameter  and  5  in.  long.  Its  size 
will  tnctease  when  the  valves,  inlet  and  exhaust  mamlolds,  and  certain 
accessory  items  are  added. 


5.4  Steam  Generator  and  Fuel  Tank  Sizing 


cveif  engint' 
Cdiifigurutioii. 


Prelitninary  sizing  of  the  steam  generator  (app  C.  sect.  C-2)  is  based  on  an 
assumed  engine  thermal  efficiency  of  26.5  percent,  a  boiler  efficiency  ot  87 
percent,  and  an  excess  boiler  capacity  of  50  percent.  Normally,  detailed 
thermal  calculations  would  be  done  to  determine  the  boiler  size,  but  a 
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prcliniiiiaiy  estimate  is  obtained  i'roiii  perloniianee  parameters  reported  by 
tlie  Bessler  Coiporalion  |I3],  a  coinpany  known  Ironi  tbe  I93()'s  lor  their 
good  monotube  boiler  designs.  Bessler  rcpoiied  deinonsirated  heat  rates  of 
1.25,  2.0,  and  3.0  million  btu/hr  per  cubie  loot  of  boiler  volume.  Assuming 
a  value  cl  2,000.000  btu/hr/l't-^,  a  volume  of  14  in.-'*  is  (.-btained.  I'urtlicr 
doubling  the  volume  to  account  for  the  sinall-size  plant  yields  a  steam 
generator  size  of  3  in.  in  diameter  and  4  in.  long.  Peak  steam  rate  is 
estimated  at  9.6  Ib/lir.  which  allows  for  vapor-eyele  thennal  effieiency  to  be 
as  low'  as  17.7  percent. 

I  arrived  at  the  preliminary  sizing  for  the  fuel  tank  (app  C,  sect.  C-2)  by 
assuming  633  btu/in.^  of  diesel  fuel,  and  an  average  daily  pow  er  rate  of  166 
W.  These  assumptions  yield  a  tank  size  of  appro.ximately  186  in.-^  (6  x  8  x 
3.9  in.),  lidding  0.8  galions. 

Other  Components 

Table  5  lists  the  various  components  assumed  for  a  general  engine  system 
arrangement;  table  6  gives  a  summary  of  various  factors  affeeling  the  fi:el 
supply,  and  table  7  summarizes  performance  of  the  complete  power  system. 
Assumed  sizes  and  w'eights  for  the  components  are  also  given.  Some  of 
these  values,  especially  the  weights  of  the  heat  exchangers,  may  not  be  very 
accurate,  It  is  recognized  that  the  heat  exchanger  comnoneins  (primarily  the 
condenser)  ate  normally  a  major  factor  in  detertiiitiing  the  weight  and 
volume  of  a  steam-powered  .system.  Design  calculations  need  to  be  done  to 
obtain  better  preliminary  sizes  for  these  components.  A  wet  weight  of 
approximately  21. .5  lb  is  estimated  for  the  power  system,  W'hen  we  assume 
enough  fuel  for  a  4-kW-hr  day.  An  updated  estimate  of  the  fuel  retpiired  is 
about  0.6.5  gallon,  so  the  capacity  of  the  fuel  lank  w  as  made  to  be  about  0.7 
gallon.  The  motor-generator  size  is  an  estimate  based  on  HDL’s  hand- 
cranked  generator  developments  for  the  IJ.S.  Special  horces  and  other 
information  on  this  subject  obtained  from  BRDliC.  The  rechargeable  sys¬ 
tem  battery,  used  for  .starting,  load  leveling,  and  a  half-hour  "run-silent" 
mode,  is  conservatively  sized  at  2  lb  and  2 1  in.^  for  an  =200-W  unit  having 
a  capacity  of  about  100  W-hr. 

(ileneral  System  Arrangement 

A  layout  of  the  general  arrangement  of  the  preliminary  power  sysi'-m  is 
show'll  in  figure  9.  It  assumes  a  box  of  6.2.5  x  8.25  x  10  in.  (0.3  ft^)  to  contain 
all  the  system  components,  including  an  T.'  -shaped  fuel  tank  for  24  hours 
of  operation,  and  an  allowance  of  105  in.-^  for  a  removable  refrigeration 
module.  TIk  engine-generator  and  vapor-cycle  system  components  are 
packaged  in  a  volume  of  0.14  ft^.  Obviously  many  different  arrangements 


Tabic  5.  Kstiiiiatcd  vapor-cycIc  engine  component  sizes  for  general  svslcm  arrangcnicnt 


Item 

Diatneter 

(in.) 

Length 

(in.) 

Height 

(in.) 

Width 

(in.) 

V'olume 

(in.^) 

Weight 

(Ih) 

Motor-generatoi 

housing 

— 

7.00 

7.00 

4.00 

24.4.0* 

0.4 

I-uel  tank 

— 

I.L2.4 

1().(K) 

1.24 

l(i.4.(i* 

0.4 

System  Flattery 

— 

7.00 

1 .00 

.4.00 

21.0 

2.0 

Control  circuits 

— 

7.00 

7.(K> 

0.40 

24.4 

0.4 

Preheater 

— 

7.00 

1 .00 

1.2.4 

S.S 

0.7 

Coiiilcnser 

— 

7.00 

4.00 

l.(M) 

.4.4.0 

O.S 

Water  tank 

— 

7.00 

1 .00 

10.24 

7I.S 

0.1 

Air  filter 

— 

7.00 

4.00 

0.2.4 

8.S 

0.1 

Controller 

— 

1.40 

1 .00 

1 .00 

1.4 

0.4 

Engine 

— 

(1..40 

1.74 

2.00 

22.x 

4.4 

Cooling  module 

— 

7.00 

.4.(K) 

.4.tM) 

1  ().*.()* 

THD 

Motor-generator 

2.()0 

2.40 

— 

— 

7.9 

2.0 

Steam  generator 

.4.00 

4.(K) 

— 

— 

2S.4 

4.0 

Coolitig  fan 

2,-40 

1 .40 

— 

— 

7.4 

0.4 

Water  pump 

2.00 

1 .00 

— 

— 

4.1 

0.4 

F-uel  pump 

1.00 

1 .00 

— 

— 

0.8 

0.2 

Throttle 

0.7.4 

1 .00 

— 

— 

0.4 

0.2 

Miscellaneous  parts 

— 

— 

— 

— 

— 

1.4 

Water 

— 

— 

— 

— 

— 

0.4 

Fuel  -4  kW-hr 

Total  ol  * 

141.2 

values;  0.4  0-^ 

Total 

4.0 

:  2 1  ..s 

Table  6.  Basic  values 
and  con^c^sion  factors 
for  fuel  system 


ParaiiK'lcr  llnii  Value 

in.^/ga!  ETf 


Volume  eonvorsion 
Heat/clcciricity  conversion 
Fuel  heating  value 
F-uel  weighl/giil 
Specific  volume 
Spocilic  weight 
Heat  per  volume 
Heat  per  gallon 
Fleet rical  energy/volume 
I-lcctrieal  energy/weight 


litu/kW-hr 

4.414 

btu/lh 

19.000 

Ib/gttI 

7.7 

in.^/lh 

40.0 

Ib/in.-'' 

0.044 

btu/in.^ 

(i44 

btu/g;tl 

14(1,400 

W-hr/in.-^ 

1S(. 

W-hr/ib 

4.4(i7 

Tabic  7.  Power  system 
performance  summary 


Faraineter 

Ihiit 

Value 

Averttge  powei  leqitired 

W 

ib(i 

Overall  thcnnal  efficiency 

14.2 

Heat  input  reqiiir.  1 

btu/kW-hr 

24.044 

Average  heat  rate 

lltu/l)l 

4,990 

ITiel  required 

gal/Fir 

0,0274 

r-ucl  weight  rate 

Ui/lir 

0.21 

F-'uel  volume  rate 

in.^/ltr 

(i.40 

0.7  GAllOH 
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Figure  9.  rreliminarv  general  arrangement  fur  vapur-ejele  power  system. 


CONTROL  CIRCUITS 


can  be  pursued  witli  tlie  goal  of  optiniuin  packaging.  However,  more  de¬ 
tailed  design  of  the  components  and  their  interrelationships  needs  to  be  done 
before  an  optimum  packaging  design  etfon  could  be  fruitful. 


5,7  Thermodynamic  Analysis 

A  thermodynamic  analysis  for  the  vapor-cycle  power  system,  using  a  steam 
engine  as  an  expander,  is  given  in  appendix  D.  Beginning  with  specified 
feed  steam  conditions  of  1200  psia  and  lOOO'^F,  an  assumed  exhaust  pres¬ 
sure  of  16  psia,  and  an  engine  compression  ratio  of  28:1,  the  amount  of 
.steam  supplied  to  the  engine  is  varied  until  the  desired  IMEP,  such  as  100 
psi,  is  obtained  (fig.  10).  The  resulting  portion  of  the  piston  stroke  during 
whicli  feed  steam  is  admitted  (referred  to  by  the  term  cutof}),  the  amount  of 
feed  steam,  and  tlie  overall  efficiency  of  the  ideal  Rankinc  vapor  cycle  are 
subsequently  determined. 


Figure  tO.  Basic  en|>i'ie 
cycle  analysis. 


The  analysis  was  done  for  several  cases  of  interest,  including  a  half-power 
case,  a  double-power  ca.se,  conditions  of  higher  than  noniial  exhaust  back¬ 
pressure,  and  an  alternative  volumetric  compressio;i  ratio  of  33  :  1 .  Selected 
results  from  the  analysis  are  presented  in  table  8.  The  lOO-psi  IMEP  case  has 
a  cutoff  of  2.5  percent,  6.8  Ib/indicaied-hp-hr  of  steam  consumption,  1 1 ,900 
btu/kW-hr  energy  consumption,  and  an  overall  thermal  efficiency  of  28.4 
peicciii.  Auiiiiiuual  analysis  was  dt)iie  i(.)  eslimaie  inelTiciencies  in  the 
engine  cycle,  the  condenser,  feed-water  heater,  boiler  piping,  and  engine 
inlet  valve.  The  result  was  that  the  thermodynamic  efficiency  of  the  actual 
vapor  cycle  was  3  to  4  percent  below  the  ideal  value.  The  ideal  effieiency 
exceeded  30  percent  at  the  higher  compression  ratio  of  33  :  1 . 


engine  cycle  diagram 

1  -2  =  cOAipinssiun  sUe'kc 

2- 3  -  steam  admission 

3- 4  =  oxpansion  stioKe 

4- 1  =  exhaust 


Simple  work  diagram 

IMFP  =  indicated  mean  Icrward  pressure 
IMCP  =  indicated  mean  compression  pressure 
Work  =  A\  >  indicated  mean  effective  pressure 
=  05Ml75-75i  =  50  in  -lb 


Tabic  8.  Selected  results 
from  vapor-cycle  system  Case 
analysis 

Units 

Hair 

power 

Nominal 

powder 

Twice 

power 

High- 

pre.ssure 

exhaust 

Higher 

compro.s- 

sioii 

IMLP 

psi 

.‘SO.O 

100.2 

200. 1 

100.1 

99.4 

Compression  ratio 

to  1 

2« 

28 

28 

28 

55 

Exhaust  pressure 

psia 

16 

16 

16 

19 

16 

Entropy 

— 

l..'i742 

1.6047 

1.6185 

1 .6265 

1 .6287 

Exhaust  quality 

«7.7 

89.9 

90.8 

92.2 

91.5 

Pressure  2 

psia 

875.6 

926.5 

949.5 

1 169.5 

1 195.1 

Temp  2 

Of.- 

775.8 

8.59.7 

898.8 

984.6 

996.7 

Peed  weight 

lb 

(1.5.55 

1 .057 

2.207 

0.898 

1.017 

CutotT 

0.74 

2.52 

6.19 

5.18 

5.15 

Cutoff  ratio 

to  1 

1.20 

1.68 

2.67 

1.86 

2.01 

Temp  7i 

•’I- 

866.5 

940.6 

975.4 

992.8 

998.6 

Expansion  ratio 

to  1 

2.5..54 

16.66 

10.49 

15.06 

16.44 

Pressure  4 

psia 

25.97 

56.24 

60.14 

.59..55 

55.47 

Gross  work 

btii 

193.7.5 

597.76 

802.52 

.547.14 

404.14 

S  pee  i  fie  work 

btu/lb 

,561.97 

-  576.22 

565.70 

586.42 

397.52 

Net  work 

btu/lb 

558..50 

572.55 

560.04 

582.74 

595.85 

Water  rate 

!b/ihp-hr 

7.05 

6.76 

6.99 

6.58 

6.40 

Meat  rate 

btu/ihp-hr 

9214.8 

8865.7 

9170.8 

8572.5 

8590.7 

Cycle  efficiency 

% 

27.55 

28.42 

27.46 

29..59 

50.04 

5.8  System  Performance 

Based  on  these  results,  a  final  overall  indicated  thermal  efficiency  for  a 
vapor-cycle  system  is  estimated  to  be  26.5  percent,  assuming  an  engine 
operating  with  the  proper  compression  ratio  (probably  3.5-35  to  1)  to 
optimize  efficiency.  Another  loss  to  be  considered  n  the  overall  power- 
generation  system  is  related  to  the  thermal  efficiency  of  the  steam  generator, 
which  is  estimated  at  87  percent.  This  value  was  selected  on  the  basis  that 
some  modem  hot-water  heaters  and  home  heating  boilers  do  much  better 
than  this. 


A  further  loss  is  the  difference  between  the  indicated  engine  power  used  in 
toe  aiitiiysiN  lij  nus  |juiiii,  aiKi  mc  v^ngniv.  brtilsc  power,  which  accounts  tor 
power  used  to  overcome  internal  friction  and  reluied  losses,  and  to  power 
various  engine  accessories,  such  as  the  control  system  and  the  condenser- 
cooling-fanAnumer  blower.  These  losses  combined  arc  estimated  to  be  about 
18  percent  of  the  indicated  engine  output  (compared  to  the  separate  but 
more  conservative  values  of  15  percent  for  engine  efficiency  and  1(K)  W  for 
accessory  power,  wliich  were  used  to  size  the  1-ibp  engine  per  app  C,  sect. 
C-1 ).  When  all  the  above  losses  are  considered,  only  about  Id  percent  of  the 
energy  available  from  the  fuel  appears  as  input  to  drive  the  load. 
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A  final  loss  mechanism  is  the  inefficiency  in  the  electric  generator  and 
retrigeration  system.  This  is  estimated  at  25  percent  of  the  power  input  to 
these  elements.  Thus,  the  overall  soldier  power  plant  thermal  efficiency  is 
estimated  to  be 

£  =  100  X  0.87  X  0.265  x  0.82  x  0.75  =  14.2%  , 

as  illustrated  graphically  in  figure  1 1.  This  translates  to  a  required  heating 
value  input  of 


ri^bm^W-hr  ^  ^4  035  btu/kW-hi 
0.142 


of  actual  work  delivered  to  the  .soldier.  For  fuel  at  19,000  btu/lb  and  7.7 
Ib/gal,  the  fuel  rate  for  an  average  power  output  of  166  W  is  0.21  Ib/hr  and 
0.027  gal/lir,  as  summarized  in  table  7. 
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6.  Liquid-Cycle  Engine  Technology 

6.1  Summary  of  Available  Information 

The  status  and  viability  of  liquid-cycle  engine  technology  is  undetermined 
at  the  present  time.  The  limited  scope  of  this  study  did  not  permit  extensive 
literature  review  or  design  analysis.  A  report  by  the  Cleveland  Pneumatic 
Tool  Co.  [21  ]  (and  associated  patent  j  10])  is  the  major  item  obtained,  and  it 
is  not  available  in  the  public  literature.  However,  the  principle  of  a  liquid- 
cycle  engine  may  be  u.scful  in  future  research  efforts,  so  the  information 
from  Cleveland  Pneumatic  [21]  is  presented  here  to  stimulate  analysis  and 
further  evaluation  of  the  concept.  Two  other  liquid-cycle  engine  patents  by 
Westcott  [22,2,^]  relate  to  this  technology,  as  well  as  two  patents  by  Malone 
[24,25]  and  a  recent  extension  of  the  Malone  concept  by  White  et  al  [26]. 

The  Cleveland  Pneumatic  report  [21  ].  written  in  1960,  was  a  “preliminary" 
report/proposa!  [27].  It  contains  only  a  few  short  paragraphs  and  some 
illustrations.  The  relevant  passages  of  this  report  are  as  follows: 

ClcvcLind  Pnouinatic  has  been  actively  engageii  in  the  design  and  manufacture  ul 
liquid  springs  over  a  periud  of  tlie  last  ten  years.  These  springs  work  oti  the 
coinpressihility  ot  liquids  at  piessures  up  to  .‘iO.OOO  psi.  They  are  currently  used  on 
tile  b  -  1(W  in  the  landing  gear  sliock  absiirption  system  and  the  Polaris  shoek 

muigalion  system. 

The  tievelopment  work  on  liquid  springs  led  to  the  study  of  the  possible  use  of  the 
com(iressihiliiy  aud  Ihennal  expansion  of  liquids  to  convert  heat  to  work.  A  liquid 
tticnnal  engine  has  the  potential  of  licliveriiig  large  liorsepower  trom  a  relatively 
small  engine.  It  has  the  capability  of  extracting  heat  energy  and  convening  it  to 
useful  work  when  relatively  h)w  temperature  differentials  exist. 

(Dver  the  past  two  and  a  half  years,  feasibility  stutlies  iiave  been  completed  and 
verifietl  by  Dr.  R.  t-^  Bol/,  head  of  the  Department  ot  Mechanical  Irnginccring  at 
('asc  Institute  of  Technology.  Dr.  Uol/'s  analysis  of  one  of  the  pioposed  tluid 
cycles,  which  was  completed  two  years  ago.  is  included  as  an  appenilix  t'f  this 
report.  The  engine  perfoniianec  iiulicaled  by  Dr.  Uol/'s  analysis  has  been  consid¬ 
erably  improved  by  developnieni  work  over  the  |)a:.i  two  years. 

Figure  12  is  a  composite  ot  two  figures  taken  from  the  report  121  ].  It  shows 
a  tc.st  setup  for  compressing,  healing,  expanding,  and  measuring  the  tem¬ 
perature  ami  volume  of  a  tluid.  and  the  resulting  pressure-volume  diagram 
from  a  lest  eonduclcd  on  “Cellulubc  150”  tluid.  Figure  13  is  a  “heat 
balance"  diagram  for  a  liquid  ihermal  regenerative  thermodynamic  cycle 
from  :iie  report  (21],  and  some  simple  calculations  for  efficiency  (34,6 
percent)  and  specific  engine  si/e  (19.8  hp/in.-^)  condensed  from  those  in  the 
report. 
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Test  setup  P-V  diagram 


Figure  12.  Illustrations  from  Cleveland  Pneumaticl ool  Co.  paper  |21] on  liquid  thermal  engine. 

The  values  in  figure  13  appear  to  be  speculation  on  the  pari  of  the  author  of 
the  Cleveland  Pneumatic  report  121].  The  efficiency  is  about  twice  as  high 
as  the  values  derived  by  Bolz,  whose  analysis  is  reproduced  in  appendix  B 
(sect.  B-3).  Also,  the  value  of  the  heat  input,  (2;,,  (32  btU/3b),  when  divided 
by  the  150°F  temperature  differential  shown  for  the  heater,  results  in  a 
specific  heat  value  for  the  fluid  that  is  about  half  as  large  as  expected  for  a 
petroleuin-ba.sed  tluid.  This  small  specific  heat,  when  used  in  the  simple 
analysis  of  figure  13,  would  yield  an  efficiency  about  twice  as  large,  and  an 
engine  size  about  half  as  srr.all,  as  would  an  expected  value  of  specific  heat. 
Furthermore,  the  indicated  efficiency  of  12.2/32  =  38.1  percent  .seems  too 
Close  to  the  iheuieiicai  Caii'ioi  eftiCiCiicy  o!  42.5  percent  tor  the  spcciticu 
temperature  difference  (480  -  80  =  400°F)  to  be  realistic. 


Bulz’s  analysis  (app  B-3)  refers  to  “a  .separate  enclosure”  and  “the  original/ 
referenced  report"  in  support  of  part  of  his  analysis.  These  items  were  not 
available.  He  also  uses  values  for  the  properties  of  acetone  taken  from  an 
article  by  P.  W.  Bridgeinan  128].  Six  graphs  of  these  acetone  data  are 
included  with  the  report  [21],  but  they  are  not  reproduced  here. 

Representatives  from  Western  Gear  Corporation,  a  contractor  for  the  Army's 
Transportation  Research  Command  in  1960-61,  visited  Cleveland  Pneu 
matic  Tool  Company  at  that  lime  and  observed  an  experimental  liquid-cycle 
engine  in  operation.  A  recent  conversation  [27]  with  one  of  the  mechanical 
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Regenerator 


9.7  Ib/gal 

The  flow  rate  for  the  specified  12.2-btu/lb  output  is  then 

208.6  Ib/ihp-hr  . 

12.2btu/lb 


208.6  Ib/ilip-hr  x  2.T8  in.^  =  4964.8  in.Vihp-hr 


Assuming  an  engine  speed  of  1800  rpm,  the  indicated  power  per  in.’  is 
1800  ipin  x60  iniles/lir  _  2  j  7  ihp/in  ’ 

4964.8  in.  Vihp-hr 

Assuming  that  1.1  indicated  horsepower  yields  1  ()  brake  horsepower,  the 
brake  liorsepower  per  in.’  is 


_2JT_ihp_  ^  bhpAin.’ 


1.1  ihp/bhp 
Then  the  sy.stcm  thermal  efficiency  is 

workout  12.2/1.1 


heat  in 


32.0 


=  .34.6% 


and  the  Carnot  efficiency  is 


Figure  13.  Heat  baiaiice  and  calculations  for 
regenerative  liquid  thermal  engine  from 
Cleveland  Pneumatic  Tool  Clo.  report  [21] 


1  -  Mt  460..  _  42.3% 
480  +  460 


designers  on  the  liquid  thennal  engine  project  at  Cleveland  Pneumatic 
revealed  that  they  did  not  have  problems  vyith  the  high-pressure  seals  on 
their  experimental  engines.  However,  they  did  have  problems  with  ineffi¬ 
cient  heat-exchanger  performance  that  limited  engine  speed  and  reduced 
thermal  efficiency  to  much  less  than  10  percent. 
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6.2  Engine  Description 

The  cycle  of  the  liquid  thermal  engine  consists  of  introducing  a  cooled 
liquid  at  near  atmospheric  pressure  into  a  cylinder  and  adiabatically  com¬ 
pressing  the  fluid  with  a  piston  to  a  high  pressure  (approximately  30,000 
psi).  The  act  of  compression  increases  the  fluid's  temperature.  The  lluid  is 
delivered  to  a  high-pressure  heat  exchanger,  in  which  the  fluid  temperature 
is  further  raised  at  constant  pressure.  The  heated  fluid  is  introduced  to  a 
cylinder  where  it  is  adiabatically  expanded  against  a  piston  to  the  original 
low  pressure,  and  in  doing  so  performs  useful  work.  Pan  of  this  work 
consists  of  compressing  the  cooled  liquid  as  mentioned  initially,  and  the 
excess  energy  is  used  as  a  prime  mover.  At  the  end  of  the  cycle,  the 
expanded  fluid  is  exhausted,  cooled,  and  transferred  to  the  compression 
chamber,  and  the  cycle  repeats.  The  operating  cycle  of  the  engine  is  two- 
stroke.  The  up-stroke  exhausts  the  expansion  cylinder  and  permits  or  cau.ses 
the  compressing  cylinder  to  be  filled  with  cooled  liquid.  The  down-stroke, 
caused  by  the  expanding  liquid,  compresses  the  cooled  liquid  and  also 
delivers  the  engine  output. 

As  shown  in  figure  14,  a  composite  of  the  simple  and  the  regenerative 
engine  schematics  from  the  Cleveland  report  i21],  and  also  in  figure  4,  the 
cylinder/piston  combination  is  of  the  conventional  double-acting  type.  The 
cylinder  volume  at  the  piston  rod  end  is  used  for  compression,  and  the  larger 
volume  at  the  other  end  of  the  cylinder  is  used  for  expansion.  This  balances 
the  force  of  compression  so  that  only  net  work  is  delivered  to  the  crankshaft. 
The  expansible  fluid  is  delivered  to  the  cylinder,  by  means  of  suitable 
valves,  when  the  piston  is  near  flic  top  of  its  stroke.  After  a  specific  amount 
of  fluid  is  admitted,  the  valve  closes  and  the  compressed  fluid  expands  to 
force  the  piston  to  the  end  of  the  stroke.  Because  energy  in  the  fonn  of  heat 
is  added  to  the  fluid  in  the  heat  exchanger,  the  expanding  fluid  exerts  a 
greater  thrust  on  the  piston  than  required  to  compress  the  fluid  below  the 
piston.  I'his  extra  thiu.st  is  used  to  perlomi  usetul  work  because  the  piston 
rod  is  coupled  to  a  crank.shaft  and  flywheel  system.  Flow  of  the  fluid 
through  the  various  stages  of  the  cycle  is  accomplished  by  valves  timed 
from  the  crankshaft  rotation. 

Acetone  was  chosen  for  Cleveland  Pneumatic's  initial  engine  design  be¬ 
cause  of  its  relatively  high  coefficient  of  thermal  expansion.  However,  other 
liquids,  such  as  silicon  oil,  may  be  more  desirable  in  tliat  they  could  be 
nonflammable,  noncorrosive,  and  self-lubricating,  could  reduce  leakage, 
and  could  provide  improved  thennodynamic  properties.  Another  possibility 
would  be  to  introduce  a  snuill  amount  of  an  inert  gas  such  as  helium  into  the 
working  fluid,  so  as  to  favorably  affect  compressibility  and  expansion. 
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Figure  14.  Schem{ctic!i  of 
liquid  thermal  external 
combustion  engine  [21]. 


Qn. 


6.3  Advantages  and  Disadvantages 

Advantages  of  a  iiquiu-cyeic  ihcimuuyiiaiuit  powci  sysiciVi  Cuulu  'oe  us 
follows: 

•  Relatively  low  working  temperatures,  of  about  400  to  S00°F 

•  Relatively  efficient  heat  exchange  due  to  liquid-to-metal  interfaces 

•  Quiet  operation,  owing  to  steady-state  condition  of  the  working  fluid 

•  Small  engine  size  due  to  the  high  mean  effective  pressure 

•  Relatively  slow  speed  operation,  of  about  1000  to  3000  rpm 

•  Simple  starling  and  operation 
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Disadvantages  of  the  liquid-cycle  system  would  be  expected  to  relate  to  the 
following: 

•  Efficiency  may  be  low  because  of  the  low  peak-temperature  level,  although 
the  extreme  pressure  conditions  ti.ay  offset  this  effect  to  some  extent. 

•  High  operating  pressure  will  require  special  sealing  techniques  and  possibly 
result  in  high  seal  friction  forces. 

•  At  least  one  high-pressure  heat  exchanger  will  be  required,  and  this  will  add 
weight  to  the  power  system. 

•  Throttling  of  fluid  through  high-pressure  valves  may  result  in  high  energy 
losses  and  unacceptable  wear  of  seating  surfaces. 

•  Relatively  low  coefficients  of  expansion  and  small  compressibility  of  the 
fluid  could  result  in  some  critical  relationships  betv,'een  respective  volumes 
within  the  engine  and  heat  exchanger  elements,  an  may  require  rather  close 
control  over  some  of  the  temperature  conditions. 
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7.  Liquid-Cycle  Engine  Approach  for  Individual  Soldier 
Requirement 

Tlic  liquid-cydc  cxfenial  combustion  system  is  similar  to  the  vapor-cycle 
system  in  terms  of  engine  sizing,  types  of  components,  etc.  Assuming  the 
lower  limit  of  Bol/.’s  analysis  value  of  about  10  hp/in.-^  at  an  engine  speed  of 
1000  rpni,  an  engine  of  1  hp  (indicated)  would  have  a  cylinder  volume  of 
only  0.1  in,^  at  this  speed.  A  more  realistic  speed  for  an  engine  of  this  size 
would  be  .'^000  rftm.  The  result  is  a  displacement  of  0.0.1,^  in.-^,  which 
translates  to  a  bore  and  stroke  fora  single  eyiinder  of  about  {.).25  in.  diameter 
by  0.67  in.  long. 

Although  heavy-walled  structures  are  needed  to  contain  the  very  high 
pressures  involved,  the  small  scale  of  the  components  is  an  advantage,  in 
that  small  size  results  in  higher  strength-to-weight  ratios.  Thus,  the  weight 
penalty  normally  associated  with  high-pressure  systems  may  not  be  as 
significant  for  a  system  sized  to  produce  a  net  output  of  only  0..^  hp. 

The  general  arrangement  for  a  liquid-cycle  power  plant  would  probably  be 
similar  to  that  for  the  vapor-cycle  plant  shown  in  figure  9.  The  names  of  the 
componenls  would  be  modified  appropriately,  the  engine  configuration 
would  change  to  be  similar  to  that  shown  in  figure  4.  and  a  regenerative  heat 
exchanger  might  be  added.  The  heat  source  would  probably  need  ti)  be 
designed  to  achieve  clo.se  control  over  the  lluid  temperature,  and  a  hydraulic 
accumulator  may  need  to  be  added.  A  modem  synthetic  Iluid,  perhaps  with 
some  entrained  gas,  would  probably  be  used  as  the  working  substance.  The 
overall  weight  of  the  power  sy.stem  is  expected  to  be  close  to  that  of  a 
comparable  vapor-cycle  sy.stem,  whereas  the  size  of  the  system  might  be 
smaller. 

Designing  a  liquid-cycle  engine  and  power  system  is  expected  to  require 
significan.l  ingenuity.  Tlierc  is  relatively  little  standard  nrartiee  on  which  to 
base  the  design.  However,  there  is  a  good  body  of  literature  on  high- 
prc.ssure  teehnology  (sceTsiklis  129].  for  example),  and  much  progress  has 
been  made  in  the  last  two  decades  in  high-pressure  water  jet  cutting  teehnol¬ 
ogy  where  the  pressures  used  are  similarly  high.  The  task  should  begin 
with  a  study  to  select  and  ebaracteri/e  the  best  Iluid  or  fluid  system  to  use  in 
the  design.  This  should  be  followed  by  a  rigorous  analysis  of  the  engine  and 
the  entire  liquid  thenuodynamie  cycle,  including  realistic  energy-loss  mecha¬ 
nisms  for  each  of  the  components.  If  the  concept  survives  to  this  point,  then 
detailed  design  r)f  a  research  engine  sb.ould  be  done,  followed  by  eonstruc- 
lion  and  testing  of  an  experimental  model. 
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Conclusions 


Table  9  is  a  preliminary  eoniparison  of  the  vapoi-eycle  system  with  pre¬ 
sumed  Stirling  and  intenial  combustion  power  systems  for  the  individual 
soldier.  It  shows  that  the  vapor-eyclc  .system  is  essentially  competitive  with 
these  alternative  technologies,  and  it  could  be  a  belter  choice  depending  on 
the  specific  mission.  At  the  current  stage  of  development  ofthe.se  concepts, 
comparative  estimates  have  .so  much  probability  of  enor  that  such  detailed 
conclusions  are  unwarranted,  other  than  to  point  out  that  additional  research 
needs  to  be  done  on  all  three  candidates. 

The  vapor-  and  liquid-cycle  engine  technologies  potentially  offer  a  distinct 
combination  oi  advantages  for  soldier  system  power.  These  arc  quiet  and 
efficiein  operation,  diesel  fuel  compatibility,  compact  si/e,  a  broad  power 
range,  and  long-duration  mi.ssion  capability.  However,  these  advantages 
probably  come  at  a  slight  penalty  in  co.sl  and  weight  compared  to  an  internal 
combustion  engine  system.  Another  consideration  is  the  fact  that  these 
technologies  have  to  be  developed  much  further  than  does  the  internal 
combustion  technology,  which  already  has  a  partially  established  industrial 
ba.se. 

The  vapor-cycle  engine  technology  is  especially  viable  and  of  reasonably 
low  tlevelopmeni  •'isk.  Selection  of  the  proper  baseline  design  and  the 
aj'plication  of  modem  component  technology  is  expected  to  eliminate  any 
pntblems  or  di. sad  vantages  residual  in  the  prior  art,  Liquid-cycle  engine 
technology  is  not  nearly  as  advanced  as  vapor-cycle  engirie  technology,  so  a 
larger  investment  in  research  will  be  required  for  its  potential  to  be  fully 
explored. 
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Table  *>.  A  comparison  of  internal  conibiistion,  Stirling;,  and  vapor-cycle  power  plants 


livaluation 

facioi 

Weight'' 

Intcmal  combustion 
engine^’ 

Stirling 

Vap 

or  cycle' 

Raw'/ 

Weigltted 

Raw-’ 

Weighted 

Raw 

Weighted 

Cost 

IX 

70 

1260 

100 

1X(K) 

1 10 

1980 

Weight 

14 

X5 

1190 

1(H) 

14(H) 

113 

1610 

Signature^ 

‘f 

11,'^ 

1033 

1(H) 

9(H) 

1(H) 

9(H) 

Size 

9 

70 

630 

UK) 

9(H) 

XO 

720 

Satety 

4 

10.3 

420 

1(H) 

4(H) 

!()3 

420 

Forces 

4 

11.3 

460 

1(H) 

4(H) 

1(H) 

4(H) 

Attitude 

5 

1  10 

3.30 

1(H) 

.3(H) 

120 

6(H) 

Shelf  life 

7 

100 

700 

1(H) 

7(H) 

100 

7(H) 

ILS  &  fuel 

X 

133 

lost) 

100 

X(H) 

1(H) 

800 

RAM 

7 

1.30 

910 

100 

700 

1  !•') 

770 

Starting 

5 

110 

330 

UH) 

3(H) 

1(H) 

300 

Production  base 

6 

70 

420 

1(H) 

6(H) 

100 

6(30 

Power  range 

4 

XO 

320 

1(H) 

4(H) 

70 

280 

Totals 

100 

129.3 

9525 

1.300 

10,000 

1310 

10,280 

‘‘/■'iH  liir  U  (  <))'!■  uri-  nm-  si  ares. 

^'Internal  ainihii.'Hian  oi^iiie  i.v  madified  siiii^le-cylindei  niadel  air/ddiw  type,  niitniny  an  speeied  fuel. 
‘  I  apar  eyele  ',v  apposed-pi.'ilan  reeipraealiny  enyine  und  sluifi-driven  generator. 

'k)n  raw  score,  lower  i.s  hetler,  lily  her  ;.v  worse. 

'  iin,\ellne  is  it  pereelwsl  Sic/  liny  \.\irni  n  hn  h  /.s  */  lu'rffW'u'idly  seidctl Jree  piston  desiyn  v.' 


litif  ;• 


i^vncnitor. 

JBoUI  liietors  are  .strenyths  of  wipor-eycle  .system. 


Comments 

IC.uimples:  for  unwoighiod  values,  cost  ot  intenuil  coinbiisiion  (1C)  enfiinc  is  expected  to  be  about  lower  than 
.Sterliiij;  and  W/<  lower  than  the  vapor-eyele  (VC)  engine;  the  VC  engine  is  expected  to  be  about  20'/('  smaller  than, 
the  Sterling  and  lO'/r  larger  than  the  inienial  combustion;  production  base  t'oi  the  1C  engine  is  anticipated  to  be 
about  300r  better  than  for  the  cxtenial  combustion  systems,  but  fuel  and  ILS  problems  are  expected  to  be  about  35Cr 
greater;  etc. 

Concliisl(>n:  All  three  systems  are  within  I'  i-  on  the  total  of  the  raw  scores,  but  the  IC  engine  comes  out  about  l.y'/c 
aliead  of  the  VC  system  svlien  wcighis  .annroori.ue  for  the  baseline  .scenario  of  the  sokher  systetu  are  applied. 
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Recommendations 


Because  the  Anny  is  faced  with  a  need  that  is  new  and  especially  difTieult  to 
meet  in  a  specialized  military  field,  it  seems  appropriate  to  reconsider  the 
special  advantages  of  external  combustion  technology  with  an  open  mind. 
The  particular  advantages  of  multifucl  capability  and  quiet  operation  are 
attractive  enough  in  view  of  the  individual  soldier  application  that  the  Army 
should  idcus  some  research  effort  on  seriously  exploring  its  potential.  It  is 
recommended  that  the  Anny  explore  both  vapor-  and  liquid-cycle  technolo¬ 
gies,  by  analysis  and  laboratory  experiment,  to  the  extent  necessary  to 
validate  their  capabilities  and  to  establish  their  viability  for  applications  that 
may  requiie  their  unique  combination  of  characteristics. 

The  following  topics  are  recommended  tor  university  research  projects  to 
explore  and  advance  the  technology  of  high-perfomiance  vapor-  and  liquid- 
cycle  external  combustion  engine  power  sys»ems  for  individual  soldier 
applications  of  the  t  uture.  Each  of  the  topics  is  visualized  as  a  modular  task 
at  the  level  of  effort  of  a  graduate  student  thesis. 

•  Refine  a  mathematical  model  of  a  high-performance  unillow  steam  engine, 
including  detailed  energy-lo.ss  mechanisms,  and  detennine  the  best  design 
characteristics  for  the  target  application.  (See  recommendations  in  app  D.) 

•  Refine  a  mathematical  model  of  a  liquid-cycle  engine,  including  a  study  of 
optimum  working  fluids,  and  detennine  the  best  design  characteristics  for 
the  target  system. 

•  Design  a  miniature  once-through  “boiler"  for  heating  the  working  substance 
at  optimum  efficiency  and  power  density. 

•  Investigate  miniature  high-performance  burner  technology  and  design  an 
Opiii'iiUiii  uuiiiei  system  iOi  use  With  a  iiiiiiiatiiic  pOwci  sysieii'i  I'lOiier. 

•  Based  on  the  most  advanced  heat-transfer  component  technology,  design 
miniature  high-performance  air-cooled  heat  exchangers/condensers  tailored 
for  application  to  vapor-  and  liquid-cycle  power  systems. 

•  Analyze  the  performance  of  Rankine  vapor-  and  liqu'd-cycle  power  systems 
ba.sed  on  the  detailed  design  analysis  done  for  their  expander,  heat-c\- 
changer.  boiler/hurner,  piping,  valving,  pumping,  and  insulation  compo¬ 
nents, 

•  Design  an  optimized  control  .system  for  fully  automatic  and  safe  operation 
of  a  miniature  vapor-cyele  pow'cr  plant. 
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•  Investigate  optir.iuni  maierials  (metals,  corainies.  thermal  insulation,  kibri- 
eants)  and  seal  teelinology  lor  applieation  to  durable,  high-pressure,  high- 
temperature,  sieanr-  and  liquid-cycle  power  system  components. 

•  Investigate  design  configurations  for  the  most  practical  method  of  achieving 
closed-cycle  operation  (with  no  loss  of  working  fluid)  and  aiiy-attitudc 
operation  of  vapeir-  and  liquid-cycle  power  plants. 

•  Demonstrate  miniature  steam  engine  technology  by  designing,  building, 
and  testing  an  e.xpcrimental  engine  of  1  to  2  indicated-hp  capacity,  including 
appropriate  steam  generator,  condenser,  etc,  components,  that  would  be 
suitable  to  pow'cr  a  model  airplane.  (This  topic  would  recjuire  a  level  of 
effort  equivalent  to  three  or  four  of  the  other  tasks.) 

•  Demonstrate  miniature  liquid-cycle  engine  teehnolog>  by  designing,  build¬ 
ing,  and  testing  a  laboratory  experimetital  engine  of  1  to  2  itidicated-hp 
capacity.  (This  topic  would  require  a  level  of  effort  equivalent  to  three  or 
four  of  the  other  tasks.) 
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Appendix  A.  Evaluation  Factors  for  Individual  Power 

Systems* 


*Thc  material  in  this  appendix  has  been  adapted  from  a  similar  document  prepared  by  the  Belvoir  Research, 
Development,  and  Unfiineeriny  Center  (BRDEC). 
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A-1.  Introduction 


The  selection  of  potential  technologies  for  use  in  individual  power  systems 
for  the  future  soldier  must  take  into  account  all  the  various  factors  that  have 
been  used  to  evaluate  nulitary  power  systems  over  the  past  several  decades. 
Though  the  factors  used  here  arc  generally  the  same  as  those  used  previously, 
their  relative  importance  is  tied  to  the  individual  soldier  application.  The 
military  application  and  the  fact  that  the  system  will  be  worn  or  carried  by  the 
individual  soldier  makes  these  power  supplies  considerably  different  from 
those  u.sed  for  most  commercial  purposes.  The  following  factors  are  consid¬ 
ered  to  be  important  for  the  early  stage  of  development; 


Cost 

Weight 

Signature 

Safety 

Vibration/gyroscopic  forces 
Attitude  effects 
Shelf  life 

Integrated  logistic  support  (ILS) 

Reliability/availability/maintainabiliiy 

Si/e 

Starting/restarting 

Efficiency 


These  factors  are  not  truly  independent,  since  there  is  a  large  degree  of 
interaction  among  them.  They  are  meant  to  guide  the  selection  of  designs  and 
technologies  away  from  those  that  are  obviously  not  appropriate  for  the 
individual  soldier  application.  They  should  not  be  considered  to  preclude  the 
investigation  of  promising  power  systems,  just  because  some  of  the  require¬ 
ments  cannot  be  met  today.  However,  when  a  particular  power  approach  is 
deficient,  any  effort  to  correct  the  deficiency  should  be  consideieu  i'roni  the 
aspect  of  cost  and  realism. 


Before  discussing  each  of  the  factors,  it  is  helpful  to  discuss  the  military 
environment  to  help  point  out  the  extreme  difficulty  of  meeting  all  the 
possible  requirements.  The  military  environment  is  taken  to  mean  any 
environment  where  the  soldier  will  use  the  power  system.  It  covers  the 
temperature  extremes  found  worldwide  and  altitudes  from  below  sea  level  to 
thou.sands  of  feet  above  sea  level.  One  consideration  is  that  the  density  of  air 
(and  the  oxygen  content)  can  vary  by  a  factor  of  two  from  sea  level  and  -65°F, 
to  8()()()  ft  and  95°F.  Other  military  environment  concents  are  in  the  areas  of 
blowing  clust/sand,  salt  fog/.spray,  and  chemical/biological  agents.  The.se 
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environmental  conditions  must  be  considered  when  applying  several  of  the 
evaluation  factors  to  various  power  supply  candidates. 

A-2.  Cost 

The  cost  factor  is  perhaps  the  least  definable  yet  most  important  factor  in  the 
long  term.  Although  high  cost  may  be  acceptable  when  enhanced  perfor¬ 
mance  is  attained,  the  expected  decline  in  future  Army  budgets  makes  cost  a 
prime  consideration.  Life-cycle  cost  is  related  to  many  of  tlie  other  factors 
delineated  below.  Considering  the  technological  barriers,  it  may  be  a  matter 
of  whether  it  can  be  done,  rather  than  how  much  it  will  cost.  If  a  particular 
technology  has  prohibitive  costs  at  this  time,  a  manufacturing  methods  and 
technologies  program  could  be  in.stituted.  If  material  costs  are  prohibitive, 
research  programs  aimed  at  specific  items  will  be  needed.  The  cost  will  be 
considerably  affected  by  the  quantities,  which  cannot  be  known  at  this  time. 

A-3.  Weight 

The  weight  of  the  power  system  must  be  minimized.  The  weight  of  all  the 
various  pieces  of  equipment  that  the  .soldier  must  carry  on  the  battlefield  is 
already  a  substantial  burden.  The  addition  of  various  new  pieces  of  equipment 
will  not  relieve  the  need  for  much  of  the  current  inventory,  particularly  in  the 
non-powcr-consuining  <irea.  The  weight  factor  is  inlluenccd  by  power 
requirements  (peak,  continuous,  and  average)  and  by  the  time  between 
resupply/rcfucling.  Weight  should  be  considered  from  the  perspective  i>f  total 
mission  weight,  which  includes  unit  weight,  the  weight  of  fuel,  and  the  weight 
of  any  other  expendables  required  for  missions  of  various  lengths. 

A-4.  Signature 

Several  categories  of  signatures  may  be  affected  by  a  power  source  and  need 
to  be  evaluated. 

Noise  signature.  The  noise  generated  by  the  power  s(.)urcc  can  be  fuiilici 
broken  out  into  noise  that  is  a  health  hazard,  noise  that  will  interfere  with 
communications,  and  noise  that  will  render  the  soldier  detectable  by  enemy 
forces.  General  policy  states  that  personnel  should  be  provided  an  acou;;tic 
environment  that  will  nolcau.se  personnel  in  jury,  cause  fatigue,  or  in  any  other 
way  degrade  overall  effectiveness.  The  first  two  categories  of  noise  are 
covered  by  various  human-engineering  documents.  The  third  category, 
detectability,  is  more  difficult  to  sjiccify,  since  it  depends  on  environmental 
conditions,  frequency  spectrum,  and  the  ca[>abilitics  of  the  (Opposing  forces. 
The  future  threat  may  be  equipped  with  amplified,  frequency-selective 
cnhanced-hearing  devices,  so  the  power  system  noise  should  not  contain 
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bands  or  characteristics  that  arc  significantly  different  from  the  natural 
background. 

Elcctromci^iu’tic  sii^naturc.  This  category  involves  the  same  three  issues  as 
the  noise  discussed  above.  A  health  hazard  associated  with  the  power  source 
is  not  considered  to  be  probable  but  docs  need  to  be  considered.  Electromag¬ 
netic  signals  can  interfere  with  communications  signals  either  sent  or  re¬ 
ceived  by  the  soldier.  The  soldier  will  also  be  vulnerable  to  detection  it 
electromagnetic  emissions  are  present. 

hifrarccl  sii^nuturc.  One  of  the  most  difficult  signatures  to  suppress  for  a 
power  source  is  its  infrared  (IR)  signature.  No  power  source  is  100-percent 
efficient,  so  that  some  waste  heat  is  given  off.  Present  IR  detection  devices  are 
sophisticated  enough  to  detect,  at  clo.se  range,  small  objects  that  are  only  a  tew 
degrees  above  or  below  ambient  conditions.  Future  opposing  forces  could 
have  quite  formidable  IR  detection  capabilities,  so  the  power  system  will  need 
a  high  degree  of  suppression  in  this  area.  Generally  the  IR  signature  .should 
be  patterned  to  simulate  background  environmental  conditions. 

Visual  sii^nature.  Detection  by  visual  means  is  a  threat  that  is  continual  and 
requires  no  special  equipment,  although  the  enemy  may  use  vision  enhance¬ 
ment  to  aid  detection  some  of  the  time.  This  threat  can  be  defeated  by  typical 
camouflage  methods;  however,  designs  should  avoid  obvious  shortfalls  such 
as  shiny  surfaces  or  sharply  contrasted  packaging. 

A-5.  Safety 

The  safety  and  wellbeing  of  the  individual  soldier  is  one  of  the  primary 
driving  forces  of  the  .soldier  modernization  program.  Providing  a  power 
source  that  is  inherently  dangerous  to  the  soldier  cannot  be  ju.stilied.  The 
soldier  will  need  to  be  [trotected  from  any  detrimental  effects  of  the  power 
source,  such  as  high  temperatures,  toxic  exhausts,  dangerous  chemicals/fuels, 
electric  shock,  or  fragmcnlation/explosion  ol  the  system  or  its  components. 

A-6.  Vibration/CJyroscopic  Forces 

The  power  source  may  produce  vibration  or  gyroscopic  forces  that  affect  the 
soldier.  MlL-STP-1472  does  not  specifically  cover  the  vibrations  caused  by 
such  equipment,  but  it  docs  recognize  that  vibrations  may  iiiipair  human 
performance  and  could  decrease  effectiveness.  GyiX)scopic  forces  should  be 
limited  so  that  the  .soldier  retains  full  freedom  of  movement  without  exerting 
additional  effort. 
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A-7.  Attitude 


The  soldier  may  have  to  run,  dodge,  jump,  crawl,  and  do  other  motions  that 
will  drastically  change  the  attitude  of  the  power  source  and/or  its  fuel  supply. 
The  adverse  effects  of  changes  in  attitude  must  be  considered  in  designing  the 
power  system. 

A-8.  Shelf  Life 

The  units  must  be  storable  in  a  nonoperating  mode  when  not  required.  Any 
special  equipment  or  facilities  needed  for  storage  should  also  be  considered. 


A-9. 


Integrated  Logistic  Support  (ILS) 


The  current  trend  to  reduce  the  number  of  personnel  in  the  armed  forces  will 
require  each  .soldier  to  have  greater  capabilities  and  be  more  effective.  Since 
support  personnel  make  up  most  of  the  force,  the  power  system  will  have  to 
require  minimum  support.  In  other  words,  it  would  be  foolish  to  provide  a 
tenfold  increase  in  the  capabilities  of  the  soldier,  if  it  meant  an  associated 
tenfold  increase  in  required  support  personnel.  Consideration  must  be  given 
to  the  requirements  for  training,  spare  parts,  manuals,  special  tools,  and  the 
other  elements  of  ILS.  A  key  factor  in  the  ILS  area  will  be  the  fuel  used;  the 
use  of  any  special  fuel  should  be  coordinated  within  the  logistic  supply 
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that  will  not  be  logistically  supportable. 


A-10.  Reliability/ Availability/Maintamability 

The  power  source  must  be  reliable,  easily  maintained,  and  available  when 
required.  The;;e  factors  are  interrelated  and  are  also  closely  tied  to  the  ILS 
aspects  of  the  system.  For  high  reliability,  the  system  should  be  simple, 
rugged,  and  capable  of  operation  in  all  environmental  conditions.  Simplicity 
of  design  and  operation  will  also  improve  maintainability.  It  would  be 
desirable  to  incorporate  maintenance  procedures  in  the  soldier's  personal 
computer,  but  since  the  unit  will  not  be  operable  during  most  maintenance, 
this  may  be  impractical.  On  extended  missions,  parts  such  as  filters  may  need 
to  be  cleaned  in  place,  or  spares  may  need  to  be  carried  to  support  missions 
between  resupply  periods.  There  are  no  current  required  values  for  the 
necessary  reliability  and  availability.  However,  similar  sy.stcms  in  command 
and  control  technology  have  extremely  high  values  for  operational  availabil¬ 
ity  that  arc  gcnei.dly  met  through  redundancy.  The  aspects  of  environment 
discus.sed  earlier  will  have  a  large  imj)act  on  this  factor. 
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All.  Size 

The  size  of  the  unit,  which  is  closely  tied  to  its  weight,  risks  inhibiting  the 
soldier  during  the  perfonnance  of  his  tasks  or  increasing  his  target  size. 
Another  consideration  is  the  carrying  requirement.  The  sy.stem  should  be 
designed  to  provide  maximum  ease  of  handling  and  should  provide  a  package 
that  distributes  the  weight  so  that  the  center  of  gravity  is  near  the  spinal  axis. 

A-12.  Starting/Restarting 

The  method  and  time  required  to  start  and  restart  the  system  is  an  important 
consideration.  The  method  .should  be  simple  and  quick.  The  user  will  need  to 
determine  if  startup  time  is  critical,  since  some  systems  will  take  more  time 
to  be  brought  up  to  the  operating  temperature  needed  to  support  the  full  load. 
The  effect  of  numerous  slart/stop  cycles  should  also  be  considered. 

A-13.  Efficiency 

Efficiency  is  clo.sely  tied  to  w'cight,  since  a  less  efficient  system  will  require 
more  fuel  (weight)  for  a  given  mission.  This  relationship  is  not  necessarily 
linear,  since  the  type  of  fuel  used  may  be  different.  A  high-efficiency  system 
could  require  more  pounds  of  fuel  if  the  fuel  is  low  in  energy  density. 
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Appendix  B.  Excerpts  from  Literature  on 
Earlier  Technology 
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B-1.  Uniflow  Steam  Engine 

The  t'ollowing  extract  is  reproduced  t'roiii  W,  Barnard,  F.  Ellenwood,  and  C. 
Hirshfeld,//(’<7rF’oH't7£;(.c>//)<’i’;7Xc’.  John  Wiley  &  Sons,  third  edit  ion  (1926), 
pan  I,  pp  388  -390. 


2.3,2.  Uniflow  Engine,  (a)  This  type  ol  engine  was  invenied'’  in 
1883  by  T.  J.  Todd  of  England  but  remained  undeveloped  until  1908 
when  Professor  Stumpf,  of  Charloilenhuri:  University,  succeeded  in 
making  it  a  highly  pc  focted  prime  mover.'  ^Sinee  that  time  others  have 
modified  it  to  suit  special  conditions  so  that  it  is  now  widely  used  for  a 
variety  of  purposes. 

(b)  The  iitiustuil  of  the  engine  may  be  noticed  by  refeiring 

to  Fig.  209.  The  piston  is  of  the  box  type  having  a  length  et|ual  to  about 
90  per  cent  of  the  stroke;  and  when  near  the  end  of  its  tnovemeiit  it 
uncovers  the  exhaust  ports  located  around  the  middle  of  the  cylinder, 
thus  taking  the  place  of  the  exhaust  valve.  By  having  the  exhaust  all  pass 
out  through  these  central  ports,  the  admission  ends  of  the  cylinder  and 
the  clearance  surfaces  are  not  cooled  by  the  outllowing  steam,  as  they  are 
in  the  usual  “counter-flow"  type  of  engine.  Furthennore.  by  reducing  the 
time  during  which  exhaust  occurs,  the  amount  of  cylinder  condensation 
is  still  further  decreased.  The  exhaust  period  may  be  kept  very  short 
without  causing  any  appreciable  increase  in  the  back  pressure  because 
the  area  of  the  exhau.st  ports  is  relatively  large.  Another  means  of 
preventing  tt'r  reducing)  cylinder  conden.sation  on  these  engines  is  the 
use  ot  the  steam  jackets  on  the  heads  and  pan  of  the  walls  ot  these 
cylinders.  Also  the  clearance  is  kept  extremely  small,  the  compression 
ratio  is  very  large,  and  highly  superheated  steam  is  commonly  used.  All 
these  factors  combine  to  minimi/e  the  cylinder  condensation  trr  to 
eliminate  it  altogether,  even  though  the  engine  be  run  condensing  with 
a  high  ratio  of  expansion. 


FiO-  209- — The  l)iu6ow  Engine. 


'  See  "The  Llnillow  h'ligiiK-."  by  I-.  B.  Perry.  Proceeding-,  ot  inst.  Meehatiieal 
F.ngineers  (tlriti^hl.  Jul>,  l‘)2l).  p.  731 

'■'.See  Piotessor  Slumpl 's  book.  “  Hie  f  iniMow  Steam  1-aigine." 
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(c)  The  admission  valves  shown  in  I-ig.  209  are  the  double-beat 
poppet  type,  but  other  kinds  are  also  often  adopted.  The  poppet  tyire 
allows  highly  superheated  steam  to  be  used  and  the  double  beat  feature 
pcmiits  a  smaller  lift  to  be  employed  for  a  given  area  of  opening.  The 
pi.ston  funetions  as  the  exhaust  valve,  as  already 
noted. 

(d)  The  ituhrator  daijimms  from  eaeh  end  of 
the  eylinder  of  a  eondeiisiiig  engine  will  lie  similar 
to  tho.sc  shown  by  (u)  and  O')  in  Fig.  209.  The 
compression  must  necessarily  begin  very  early 
because  it  is  controlled  by  the  closing  of  the  ex¬ 
haust  ports  by  the  piston. 

If  the  engine  is  run  non-condensing  with  the 
large  compression  ratio  that  is  used  with  the  con¬ 
densing  type,  the  compression  pre.ssure  is  likely  to  go  much  higher  than 
the  admission  pressure,  as  shown  by  the  dotted  line  A-7  in  Fig.  210. 
This  would  be  very  undesirable,  and  consequently  the  unitlow  type  of 
engine  is  built  in  a  variety  of  ways  to  take  care  of  this  feature  in 
case  it  becomes  neces.sary  to  run  the  engine  non-condensing.  Thus, 
extra  clearance  is  olten  introduced  by  means  of  a  special  valve  that 
opens  automatically  wlien  the  coinprc.ssion  pressure  exceeds  the  ad¬ 
mission  pressure.  .Sometimes  some  of  the  compression  steam  is  by¬ 
passed  to  the  other  side  of  the  piston,  and  in  certain  engines  small 
aiixiliary  exhaust  valves  are  employed. 

(e)  The  sizi’s  of  unitlow  engines  that  are  in  use  vary  widely.  There 
tire  large  numbeis  of  them  under  .SfK)  liorsepower.  and  many  above 
1  ()()().  Recently  a  .Kl.OOO  horsepower  unitlow  was  built. 

(0  The  chief  of  the  unitlow  engine  are; 


( 1 )  The  thermal  cflicicncy  is  high  because  the  cylinder  condensation 

is  small,  ami  becau.se  the  mechanical  efficiency  is  large  even 
though  a  high  ratio  of  expansion  is  used. 

(2)  The  iiulicau-^  steam  rate  at  three-quarter  load  is  only  slightly 

more  than  at  fall  load;  and  at  25  per  cent  overload,  and  also  at 
hall  load,  it  is  only  about  5  per  cent  greater. 

(.1)  The  engine  itself,  its  lloor  space  and  foundation  are  much  less 
eastly  than  for  the  compound  engine  of  the  same  economy. 
(4)  It  is  simpler  to  operate  and  less  expensive  to  maintain  than  is  tlte 
compound  of  the  same  economy. 


B-2.  Williams  Steam  Engine 


The  lollowing  cxtniet  is  iepR)duccd  with  permission  from  C.  Wise,  Strani  is 


Back,  Miiehine  Design  Mag¬ 
azine  (29  August  1968),  p  22. 


STEAM  IS  BACK 


Williams:  [xceeding 
Theoretical  Limits? 

Using  methods  which  are  by  no  means  obvious,  the 
Williams  Engine  Co.  has  achieved  extraordinarily 
low  water-rates  (and  high  efficiencies)  in  small,  re¬ 
ciprocating.  single-expansion  steam  engines.  The  ther¬ 
modynamic  explanation  given  by  the  inventors  is 
almost  certainly  incorrect,  and  ro  one  seems  Ic  have 
offered  a  satisfactory  explanation. 

In  the  Williams  engines  about  2/3  of  the  steam 
remain.s  in  the  cylinder  after  the  exhaust  phase;  on 
the  return  stroke  it  is  compressed  and  reheated. 
Since  the  compression  ratio  is  greater  than 

the  expansion  ratio  (18.6:1)  the  ultimate  leinperature 
of  1,492  F  is  higher  than  the  teed  steam  temperature 
of  1,000  F.  Work  done  on  the  rccompressed  steam 
is  recoveied  when  the  hotter  compressed  steam  raises 
the  temperature  of  the  feed  steam,  resulting  in  more 
effitieiit  'utilixatiori  of  its  liect  con.icnt. 

It  can  be  shown  that  in  .an  ideal  kankine  engine 
that  this  'split'  cycle  neither  increases  nor  decreases 
the  overall  enthalpy  efficiency  of  the  energy-conver¬ 
sion  process.  But  in  practice  it  appear.s  that  the 
Williams  engines  do,  in  fact,  perform  better  than 
the  ideal  Rankine  cycle. 

It  has  been  determined  that  for  each  pound  of 
compressed  steam  in  the  cylinder,  0.56  lb  of  feed 
steam  is  added  before  (10%)  cutoff.  For  these  con¬ 
ditions,  the  theoretical  Rankine  thermal  efficiency 
should  be  25  8%  However,  a  shop  test  on  a  5G-ou 
in.,  4-cyl  Williams  engine  .showed  the  test  result 
given  in  the  table  on  Pape  2C.  Although  this  remark¬ 
able  thermodynamic  performaiicc  cannot  easily  be 
cxpialiicu,  it  seems  to  bc  an  empirical  fact  worih.y 
of  attention. 

The  present-day  Williams  engines- -which  would 
be  similar  in  gross  detail  to  other  modem  reciprocat¬ 
ing  engines — are  single-acting,  uniflow  models  witli 
four  vertical  cylinders  arranged  in-line  over  a  crank¬ 
shaft.  Inlet  and  exhaust  valves  are  operated  by  con¬ 
necting  rods  controlled  by  cams  on  flic  crankshaft. 

There  are  several  power  lange;;.  cerrespoading  to 
several  degrees  of  cutoff,  which  the  operator  can 
cltoosc  at  will  (.like  changing  gears).  For  startup, 
a  20-25%  cutoff  is  needed,  while  for  sustained  high¬ 
speed  driving  a  10%,  cutoff  is  sufficient.  Maximum 
torque  is  obtained  witli  a  70%',  cutoff. 

The  engine  can  be  reversed  by  cli.anging  Itie  plia.s- 
inp  of  the  cylinders,  whicli  i.s  accoinplishcd  by  engag¬ 
ing  an  appropriate  cam.  This  permits  dynamic 
tiraking.  The  engine  operates  on  an  open  cycle,  but 
with  a  relatively  small  condenser  (35  lb  for  a  300-lb 
engine);  water  consumption  is  only  about  1  gal  per 


TEST  RESULTS  ON  WILLIAMS  ENGINE 


Steom  pressure,  gauge  (psi)  1000 

Load  on  Clyton  Dynamometer  lib)  66.25 

Engine  speed  (rpm)  2500 

Feed  system  temperature,  measured  by 
cnllhrated  theimocooples  with  Leeds 
&  Northrup  porentionieter  (F)  981.2 

Exhaust  pressure  (psi)  14.7 

Exhaust  temperature  (F)  300 

Weight  of  exhaust  steom  collected  in 

2-poss  Ross  condenser  (Ib/hr)  203 

Power,  indicated  (hp)  36.23 

Power,  dynamometer  (bhp)  31,5 

Water  rate,  actual  (Ib/bhp/hr)  6.44 

Thermal  efficiency,  calculated  (%)  38,8 


Data  compiled  by  Dr.  Robert  U.  Ayres. 

hr  al  variable  speed  operation,  or  10  gal  fer  500  ini. 
The  inonotubc  .steam  generator,  which  burns  diesel 
fuel.  No.  1  fuel  oil,  or  kerosene,  weighs  approximately 
250  lb.  It  can  pi  adiicc  .steam  enough  to  move  the 
car  in  20  sec  and  develops  a  full  head  of  steam  in 
less  than  I  min. 

Apart  from  its  icmarkable  efficiency,  the  Williams 
engine  incorporates  several  engineering  innovations. 
One  is  a  valve,  built  into  tlie  engine,  wliicb  auto¬ 
matically  ni.iiclics  ciigiue  comjircssion  to  feed-steam 
pressure.  Wiilioul  such  a  niech.inism  a  uniflow  steam 
engine  cannot  Operate  smoothly  under  rapidly  vari 
able  load  conditions — ^tlie  engine  tends  to  '‘buck”  ot 
stall  This  problem  p-articularly  vexed  Doble,  who  re¬ 
portedly  attribiitetl  liis  comp.any’s  failure  to  not  hav¬ 
ing  stflved  it. 

W^illianis  lias  offered  to  sell  complete  steani-pow- 
cred  cars,  fitted  svilli  lO.n.cu  in.  engines  on  a  Chevelle 
chassis,  for  roughly  $7,000  fur  flic  engine  or  $10,000 
for  the  complete  vehicle 


B-3.  Bolz’s  Analysis  of  Liquid  Thermai  Engine  Performance 

The  following  extract  is  reproduced  from  a  paper  {Liquid  Thermal  Lui^ine, 
Internal  Report  No.  125S,  11  May  1960).  obtained  from  the  Cleveland 
Pneumatic  Tool  Company  of  Cleveland,  OH,  in  1960.  The  analysis  makes 
reference  to  data  on  acetone  obtained  from  P.  W.  Bridgeman.’ 


H .  Undiicniun.  Thermodynamir  Pniperiies  of  Twelve  Liquids  lU'lween  20'  &  SO',  and  up  to  12,000  KGM/sq-cm.  Pinc- 
Artur .  Ai  iui  49fl>ll<).  1-U4. 
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*fit*  Cleveland  Pncumayic  Tool 


SUFPLEMEWr  TO  LIQUID  THERM/a  EWGPiE  PERK)1WNGE  AHALYSIS 


Analyais  of  Confltant  Preeeure  Cycl< 


The  operation  of  this  engine  devised  b/  Cleveland  Pneumatic  ie  described 
in  a  separate  enclosure  along  with  the  preliminary  mechanical  design  of  a 
practicable  engine.  The  engine  follows  the  Brayton  cycle  given  in  Figure  1. 

In  this  cycle  liquid  is  adlabatically 
compressed  to  a  predsterminad  preseiire 
p„  and  by  meano  of  a  check  valve 

0  -  delivered  to  a  heat  exchanger  system. 

<r - A  Hot  fluid  io  simultaneously  delivered 

nP  \  N.  to  an  expansion  cylinder  at  pressure 

\  Nv  p-  -  pL,  a'ld,  after  the  deliv-ery  valve 


Pp  -  Pg  a'ld,  after  the  deliv-ery  valve 
ciosesj  is  expanded  adlabatically 
back  to  the  original  atriioepharlo 
pressure  Pg  -  Pj^. 


Analysia  of  this  cycle  can  be  easily  performed  using  one  of  the  equations 
of  tlw  original  report  which  this  discussion  supplements. 


Net  Work 


Or  from  equation  (6)  page  (7)  of  the  reference  report 

'^NET  *  “/  P^P  *  Pb 


.C..  .P«*-Ph’.  .C.,  .Pn*-P/. 

^C-D^C-D  %-B 

P  P 


♦  Pb  <'c  -  ’b' 


The  heat  added  is 


“  ^p  ^B-C 


and  the  efficiency  is,  of  course,  the  ratio  of  Eq.  (l)  to  Eq.  (2) 
•y-i  Eq,  1  Net  Work 


CLKVCLANC  rNEUMATIC  TOOL  Ctttfmitf 


I)  NoMrioal  CaloulAtlens  of  Cjrclo  Uotag  Aootora  •  Bfldgotn’g  Deta 
Conditiono  of  Pyoblera 

1)  Take  Pj^  •  0 

2)  Take  pg  "  3000  kg/ca*  •  lljOOO  pal 

3)  Taka  ■  0®C 

li)  AeauM  Cp/C^  iiwmriant 
.?)  Take  ■  1  «** 

6)  Take  Tg  -  Tg  -  125®C 

7)  Th«  unit  of  maae  upon  which  Brldgeaan’s  data  are  baaed  la  that 
■aaa  which  occupiea  1  ca^  wolUBa  at  p  •  T  «  O^C 

DaU 

1)  Cp  at  p  •  Pj^^  ■  19*5  kg-cV®!*  for  t^ie  quantity  of  naae  in  (7) 
abore 

2)  Taka  C  at  p  ■  3000  kg/cn*  ■  16  kg»oV®k 

3)  k^,j.l.2xW-» 

li)  V.,  -  ■  7  X  10”®  (•xtrapol'^tad  cei^ryatlTe  value  for  high  team) 

5)  Vg  -  .891 

6)  «  .917  -  .95 

7)  Vj,*-  Vg  ♦  AT  .  Vg  ♦  5.5  X  10“*  X  125  -  .963 

^  A-D  ^  ♦  1*6  x  10”*  (90)  -  1.11* 

9)  VQ_g  .  1.05 

10)  cyCp  -  .86 

Then  fcr  thaae  operating  conditlona 

Wggy  -  (7  X  1.05  "  1*.2  X  .95)  .86  x  10”®  x  ♦  3000 (. 963-. 89U) 

-  (63.1*-3l*.l)  1.5  207  -  130  ♦  207  -  337 

For  an  engine  operating  at  1000  rpei  (two-atroka  cycle)  we  geti 

Pieton  Dieplacaaent 


Efficiency 


Cleveland  pneumatic  Tool  6* 


PMX. 


n)  Afl  a  8«oond  Sxutpla  iasuw  AT  «  200*^0 
CondltlonE  of  Prcbl— 

All  other  condltione  are  the  aune  aa  in  (l). 


Data 

1)  C  during  beat  input  stroke  take  ae  16  kg-eV°lc 

2)  kj^_g  •  1*.2  X  10”* 

3)  •  8  X  10"®  (conserratlTa  extrapolation) 

1)  Vg  -  .891* 

55  ^A-B  -  *95 

6)  -  Vg  ♦  5.5  X  10"®  X  200  -  1.00 

7)  ♦  1*6  X  10"®  X  150  -  1.2l» 

8)  Vcjj-1.12 

9)  cyCp  •  .86 

Net  Work  -  (8  x  1,12  •  1*,2  x  .95)  .86  x  10"®  x  ^2^"  ♦  3000(1.00-. 89l*) 


£ffloleno]r 


•  193  ♦  316  •  511  kg-c» 

18.5  HP  Kt  1000  rpet  engine  apeed 

thsmal  efflcleno7 


511 

WTT5S 


•  16:1 1 


These  efflclenoee  are  without  regenuratlon.  It  Is  felt  that  with  good 
regeneration  this  afflolenoy  nay  be  Inoreaaed  by  $0%  and  theoretical  valuea 
of  25!K  obtained.  Again,  I  feel  that  fi'lctlonal  loeeae  In  the  cylinder  and 
heat  exchangers  will  not  be  large  and  with  good  Talring  a  reasonable  portion 
of  the  tbeoretloal  efficiency  nay  bo  obtained— perhape  15^  to  17^  for  the 
oyole  effiolenoy. 


No  part  of  the  englm,  ae  designed  to  date  by  Cleveland  Pnematlo, 
appears  to  present  aiqr  insurxountable  engineering  problsne.  Ingenuity  and 
experiaental  experience  are  nooessary  to  Biniaise  engine  and  heat  transfer 
eiaee  and  weights  and  the  ebllity  to  cope  with  the  high  preesures  needed 
fcr  good  efficiency  If,  I  believe,  Just  a  natter  of  experience. 
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Appendix  C.  Calculations  to  Determine  Preliminary  Size  of 
Vapor-Cycle  Engine  and  Power  System  Components 
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C-1.  Engine  Size 

The  nominal  output  power  requirement  is  300  W,  and  2.'i-percent  excess 
capacity  is  needed  for  1  -hour  periods.  Thus, 

peak  capacity  =  300  x  1 .25  =  375  W  . 

Assume  an  efficiency  of  70  percent  for  the  high-speed  motor-generator  and 
refrigeration  compressor.  Then, 

net  power  =  375/0.70  =  536  W  . 

Assume  that  the  engine  operates  at  a  .speed  of  9000  rpm.  Average  net  torque 
equals  net  power/speed,  so  we  calculate 

536  X  12  X  33,000  tft-lb/hp)  ^ 

- —  =  5.0  in. -lb  . 

746  (W/hp)  X  2ji  X  9000 

Assume  that  the  accessory  power  required  for  the  engine  pumps,  fans,  and 
controls  is  100  W.  Then, 

engine  brake  power  =  536  +  100  =  636  W  , 

and 

engine  brake  torque  =  5.0  x  636/536  =  6.0  in. -lb  . 

Assume  that  the  engine  mechanical  efficiency  is  85  percent.  Then 
engine  indicated  power  =  636/0.85  =  748  W  =  1.0  hp 

=  42.5  blu/min  ; 


also. 


horsepower  = 


IMEP  X  volurncx  rprn 

^12^^^ 


where  IMEP  is  indicated  mean  effective  pressure. 

Rean  anging,  the  swept  volume  or  engine  displacement  is 


hp  x  12  x  33,000  1  X  12  X  33,000  44  .  .-i 

~ - = - - in. 

rpm  X  IMEP  9000  x  IMEP  IMEP 
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Substituting  typical  values  of  IMEP  produces  the  following; 


IMEP  (psig) 
44 
50 
88 
100 
150 


Volume  (in.^) 
1.00 
0.88 
0.50 
0.44 
0..30 


In  an  actual  engine,  the  power  can  be  varied  from  a  nominal  value  by  changing 
the  IMEP  using  variable  inlet  valve  timing. 

Assume  the  nominal  IMEP  equal  to  100  psi  to  give  an  engine  displacement 
of  0.44  in.^  Also,  assume  a  two-cylinder  engine  configuration  of  horizontally 
opposed  pistons  in  a  common  cylinder  in  order  to  obtain  good  balance  for 
smooth  operation  and  better  control  of  the  high  compression  ratio  (=30  :  1). 

This  results  in  a  di.splacement  of  0.5  x  0.44  =  0.22  in.-^  per  cylinder. 

Assuming  a  piston  stroke,  .v,  of  0.50  in.,  the  cylinder  bore  is 

(4l//7t5/'-^  =  (4  X  0.22/71  X  0.50)"-“^  =  0.75  in.  -  0.44  in.2 

where  V'  =  volume. 

C-2.  Steam  Generator  Size 

From  the  preliminary  engine  size  of  1  ihp  or  42.5  btu/min,  and  an  assumed 
engine  thermal  efficiency  of  26.5  percent,  the  inpi  .  heat  rate  to  the  engine  will 
be  42.5/0.265  =  160  btu/min. 

Assume  a  full-load  boiler  efficiency  of  87  percent.  Then, 

net  boiler  heal  input  =  160/0.87  =  184  btu/min  . 

Assume  an  excess  capacity  for  contingency  and  growth  potential  of  50 
percent.  Then, 

gross  boiler  heat  input  =184  x  1.5  =  276  btu/min  =  16,600  btu/hr  . 

The  Bcssler  reference’  gives  demonstrated  heat  rates  for  modem  forced- 
circulation  flash  boilers  of  1.25,  2.0,  and  3.0  million  btu/lir/ft-^.  Assume  a 
boiler  heat-rate  capability  of  2,000,000  blu/lir/ft^  forthis  design.  Then,  gross 
boiler  size  is 


16,600/2,000,000  =  0.0083  fl^  =  14  in.-^ 


’  W. ./.  I{cs.sli.r  ihul L  lioycn.  Di'.siyn  Snuly  of  o  Siciini  Power  System  for  a  Landing  Ciuji,  under  eontraet  No. 
2IS9{U0)  for  the  Offiee  of  Nava!  Researeh.  Amphibious  Broneh  (.if)  September  1^57). 
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Since  this  is  a  small-scale  design,  assume  a  size  of  double  this  volume,  or  a 
net  boiler  size  of  28  in.^  This  is  equivalent  to  a  shape  of  3  in.  in  diameter  and 
4  in.  long. 

From  Keenan  and  Keycs,^  steam  at  1200  psi  and  1000°F  has  an  enthalpy  of 
1500  btu/lb.  Thus,  the  peak  steam  rate  is 

16,600  X  0.87/1500  =  9.6  Ib/hr  . 

This  allows  enough  steam  for  an  engine  efficiency  as  low  as 

42.5  btu/min/ihp  x  60  min/hrx  1  ihp  _ 

1500  btu/lb  X  9.6  Ib^ 


C-3.  Fuel  Tank  Size 

Assume  that  diesel  fuel  has  a  heating  value  of  19,000  btu/lb  and  a  specific 
volume  of  30  in. Mb.  This  results  in  a  heating  value  density  of  =633  btu/in.^ 

At  a  peak  boiler  heat  rate  of  16,600  btu./hr,  the  peak  fuel  rate  will  be 

16,600/633  =  26  in.^/hr  . 

The  nominal  fuel  rate  is 

166avgW/day  16,600  btu/lir  peak  rate  1 

375  peak  W/day  1.5  contingency  factor  ^^3  btu/in  ^ 

=  7.74  in.^/hr  =  186  in.^/day  . 

This  results  in  preliminary  tank  sizes  for  one  day  of  6  x  1 2  x  2.6  or  6  x  8  x  3.9 
in.  At  231  in. ^/gallon,  the.se  example  tanks  would  hold  about  0.8  gallon. 


7/.  //.  Ki-riHin  tmd  /■'.  G.  Keyes.  Thennodynamie  Properties  of  Steam,  John  Wiley  <&  Sons  1 19.16). 
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Appendix  D.  Analysis  of  Vapor-Cycle  and  Steam 

Engine  Performance 
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D-1.  Introduction 

This  initial  analysis*  is  an  attempt  to  estimate  the  thermal  efficienty  of  the 
vapor-cycle  power  system,  the  amount  of  steam  required,  and  the  appropriate 
cutoff  or  expansion  ratio  needed  for  the  specified  engine  design.  (Cutoff  is  the 
end  of  that  portion  of  the  piston  stroke  during  which  admission  of  the  feed 
steam  occurs.)  The  analysis  is  based  on  “indicated"  conditions:  that  is,  values 
measured  within  the  engine  cylinder.  This  gives  theoretical  gross  power  and 
efficiency.  Net  or  “brake"  power  and  effieieney  are  treated  in  section  5.8  of 
the  main  report. 

The  vapor-cycle  system  includes  the  steam  generator  (consisting  of  a  boiler 
and  a  superheater),  an  expander  or  engine,  a  conden.ser,  and  a  pump,  as  shown 
in  figure  D-1.  A  temperatiire/entropy  {T/S)  diagram  for  the  ideal  simple 
steady-flow  Rankine  thennodynamic  vapor  cycle  is  also  shown. 

The  processes  that  make  up  the  thennodynamic  cycle  are 

1- 2:  Reversible  adiabatic  pumping  process  in  the  liquid  pump 

2- 3>:  Constant-pressure  transfer  of  heat  in  the  boiler  and  superheater 

3- 4:  Reversible  adiabatic  expansion  of  the  vapor  in  the  prime  mover 

4- 1 :  Constant-pressure  transfer  of  heat  in  the  condenser 

The  usual  type  of  expander  is  a  steady-flow  turbine-generator  system.  In  this 
case,  the  expander  is  an  intermittent-llow  reciprocating  engine  operating  at 
-150  Hz  to  expand  relatively  small  quantities  of  steam  (=7  Ib/lir).  Under 


Fipure  D-1.  Simple 
steam  power  plant  and 
Rankine  vapor  c.vcie. 


*Kc(  ommcnJiitioris  fiir  Iniproviny  the  (inulysis  lire  mude  in  .vccf/o/i  D-9. 
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steady-state  coiiditiotis,  the  engine  behaves  in  a  fashion  similar  to  the  turbine, 
as  far  as  selection  and  analysis  of  a  Rankine  themiodynainic  vapor  cycle  is 
concerned. 

The  type  of  steam  engine  to  be  analyzed  is  a  high-coinpression,  unillow, 
single-expansion,  c.sscniially  noncondensing  (see  sect.  D-4)  system  operat¬ 
ing  on  high-pressure,  super-healed  vapor.  The  engine  also  operates  in  a  cyclic 
fashion,  as  illustrated  in  figure  D-2.  Here  the  ideal  pressure/volume  (P/V) 
diagram  is  similar  to  that  for  the  ideal  air-standard  diesel  engine  thermody¬ 
namic  cycle,  except  that  it  is  not  a  true  thermodynamic  vapor  cycle,  as  shown 
by  the  vertical  line  on  the  T/S  diagram. 

Ideally  the  engine  cycle  consi.sts  of  four  stages: 

!-2:  a  reversible  adiabatic  compression  process,  where  the  residual  exhaust  steam 

loft  in  the  cylinder  is  compressed  to  high  pressure  and  temperature,  as 
determined  by  the  exhaust  steam  properties  and  the  volumetric  compression 
ratio  of  the  engine 

2- 3;  a  constant-pressure  adniission  ot  steam  from  the  boiler*  through  valves  in  the 

cylinder  head 

3- 4;  ii  reversible  udiubjtic  expunsion  o!  the  viipor  i!i  the  cylinder  liftercutolTol  the 

admission  process  and  until  release  of  the  steam  to  the  exhaust  process 

4- 1 :  a  constant-volume  exhaust  process,  where  expanded  steam  escapes  into  the 

condenser  through  ports  uncovered  at  the  bottom  of  the  cylinder 

D-2.  Baseline  Conditions 


Before  detailed  analysis  can  begin,  several  parameters  and  elements  of  the 
engine  operating  cycle  need  to  be  established.  These  are  the  admission 
process,  the  exhaust  process,  the  exhaust  pressure,  the  feed-steam  pressure 


*1  he  ii'ini  "hiiilcr"  i.s  used  i/i  pUicc  of  tin’  more  <  once  i  term  " steam -\^ei:et\iioi  "  m  this  text. 
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and  temperature,  and  the  engine  compression  ratio.  First,  assume  that  steady- 
state  conditions  prevail,  and  that  compression  and  expansion  occur  along  a 
common  entropy  line,  as  illustrated  in  figure  D-2  (on  the  right)  and  the  normal 
sitnple  Rankine  cycle  for  turbine-type  expanders  (fig.  D- 1 ).  Thus,  properties 
of  the  residual  exhaust  steam  in  the  cylinder,  as  the  exhaust  port  closes, 
determine  the  entropy  value  for  the  steady-state  engine  cycle.  Conversely,  the 
amount  of  steam  admitted  to  mix  with  the  compressed  exhaust  steam 
determines  the  properties  of  the  residual  steam  at  the  end  of  the  exhaust 
process. 


D-2J  Admission  Process 


Assume  for  this  analysis  that  the  engine  compression  ratio  is  such  that  the 
residual  exhaust  steam  is  compressed  along  this  entropy  line  to  a  pressure 
condition  that  is  lower  than  the  feed-steam  pressure  from  the  boiler.*  The 
admission  process,  where  the  incoming  steam  mixes  with  the  compressed 
exhaust  steam,  can  be  handled  in  different  w'ays.  The  method  selected  for  this 
analysis  is  illustrated  in  figure  D-3.  It  assumes  that  there  is  no  throttling  of  the 
incoming  steam  to  a  lower  pre.ssure  (this  is  treated  in  sect.  D-7.2),  and  that 
there  is  no  pressure  drop  during  admission.  Thi  s.  the  admission  process 
occurs  at  the  feed-steam  pressure  condition  of  1200  psia. 


As  shown  in  the  Mollicr  {li/S)  diagram  ol  ligure  U-.^,  mixing  during  the 
admission  process  increa.scs  the  enthalpy  (/;)  and  temperature  of  the  com¬ 
pressed  exhaust  steam,  and  decreases  the  enthalpy  and  temperature  of  the  feed 
steam  until  the  thermodynamic  balance  defining  the  end  of  admission  and 
beginning  of  expansion,  point  3  or  cutoff,  is  reached.  Larger  cutoffs  (longer 
admission  period)  allow  more  boiler  steam  to  enter,  thereby  changing  the  heat 
balance  and  determining  the  final  entn>py  for  the  expansion  process.  Thus,  a 
different  entropy  line  for  operation  is  defined  for  each  new  value  of  cutoff. 
Each  new  value  of  cutoff  also  detennines  a  new  value  of  mean  effective 
pressure  or  !iorscpo'*ver  for  ihc  cri^inc  us  sliowii  in  section 


D-2. 2  Exhaust  Process 


The  exhaust  process  cati  also  be  handled  in  dilferent  ways.  The  method 
selected  forthis  analysis  was  adapted  from  a  diesel  engine  exhaust  process  i  1  ] 
and  is  illustrated  in  the  li/S  diagram  of  figure  D-4.  As  shown,  the  steam  that 
escapes  through  the  exhau.st  ports  at  relca.se  is  assumed  to  be  throttled  |2)  at 
constant  enthalpy  to  the  selected  exhaust  back-pressure  condition.  It  then 
flows  to  the  condenser.  The  steam  that  remains  within  the  cylinder  is  assumed 
to  expand  isentropieally  to  the  exhaust  back-pressure  condition.  It  is  then 
compressed,  without  further  condensation  (see  sect.  D-4),  from  this  condi¬ 
tion. 

^Ccmpi  t’ssunt  U>  prt’ssurcs  yrcalrr  tluin  <>i  ci/iiul  u>  ht'iU  i  pi  cssurc  ts  iIim  ii.sm’iI  in  m’i  liens  l)-2  .  !)S.  nnd  7)-^ 
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Entropy.  S 

Fisurs  D-3.  Admission  process  tor  steam 
engine  analysis. 


Entropy,  5 

Figure  D>4.  Exhaust  process  for  steam 
engine  analysis. 


D-2.3  Exhaust  Pressure 

Assume  that  the  engine  will  opei  ate  at  essential  ly  “atmospheric"  (non  vacuum) 
exiiaust  pressure  conditions.  Assume  that  there  will  be  a  slight  back-pressure 
in  the  condenser  of  1 .3  psi  and  that  normal  atmospheric  pressure  is  14.7  psia. 
Thus,  the  nominal  exhaust  pressure  for  this  analysis  is  P]  =  14  7  +1.3=  16.0 
psia. 

D-2.4  E eed-Steam  Conditions 

Assume  the  boiler  or  feed-steam  pressure  to  be  1 200  psi  and  the  temperature 
to  be  lOOO  T  for  this  .system.  The  desire  is  to  have  values  that  are  as  high  as 
p.ractical  in  order  to  increase  thcima!  efficiency  [2].  Considerations  of 
material  strength,  weight,  and  lubrication  and  sealing  difficulties  arc  involved 
in  the  selection  of  these  conditions.  The  Williams  engine  1 3]  discussed  in  the 
body  ol  the  r<‘port  operated  on  1000  psia  and  1000°F  steam  conditions. 
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D-2.5  Engine  Compression  Ratio 

The  engine  volumetric  compression  ratio  is  a  critical  design  element,  as 
shown  in  this  analysis.  The  Williams  engine  used  a  26  :  !  ratio.  The  desire  is 
to  always  compress  the  residual  steam  back  to  boiler  pressure  because  this 
maximizes  thermal  efficiency.  However,  boiler  pressure  can  easily  be  ex¬ 
ceeded,  depending  on  the  properties  of  the  exhaust  steam.  Very  high  compres¬ 
sion  pressures  make  engine  operation  difficult,  so  special  relief  valves  in  the 
cylinder  head  are  used  to  automatically  bleed  off  compressed  steam  when  the 
admission  pressure  is  exceeded. 


In  order  to  simplify  this  preliminary  analysis,  I  selected  a  compression  ratio 
that  is  low  enough  to  prevent  the  steam  from  bleeding  off  during  compression 
for  most  anticipated  exhaust  conditions.  In  order  to  select  an  appropriate 
compression  ratio,  1  evaluated  several  cases  for  adiabatic  compression  of 
steam.  Since  the  entropy  for  the  desired  operating  condition  in  the  engine  is 
unknown,  assume  that  S  =  1.62,'^9,  which  corresponds  to  feed-steam  proper¬ 
ties  of  1200  psia  and  1000°F.  Initial  condenser  pressures  assumed  arc  the 
nominal  P^  =  16  psia  and  a  higher  value,  P|  ~  20  psia,  that  could  represent  the 
increased  back-pressure  that  might  re.sult  from  the  higher  volumes  of  steam 
needed  at  higher  power  levels. 


Figure  D-5.  Results  of 
steam  comprc.ssiun 

iiiiui'r  NiS 


iv;i  Vv/iuiiiwti  IV  v\/i  II  j/1  uiivi  iv  i  Vwiv 

calculated  as  shown  in  figure  D-.'5.  Note  that  compression  from  an  initial 
pressure  of  20  psia  cau.scs  the  boiler  pressure  and  temperature  conditions  to 
be  exceeded  for  virtually  all  the  compression  ratios  evaluated.  Based  on  these 
results,  a  compression  ratio  of  28  :  1  is  the  nominal  value  selected  for  the 
analysis.  A  ratio  of  ?.?>  :  1  is  al.so  evaluated  as  a  special  case,  because  it 
produces  essentially  boiler  conditions  when  the  exhaust  pressure  is  16  psia. 
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D-3.  Analysis  Process 

The  engine  system  analysis  process  is  defined  as  follows. 

(a)  Assume  a  value  for  the  operating  entropy  line,  5,  that  will  give  the  desired 
indicated  mean  effective  pressure  (IMEP)  for  the  engine. 

(b)  With  this  entropy  and  the  assumed  exhaust  pressure,  calculate  (by  means  of 
interpolation  from  the  steam  tables  |4])  the  other  steam  properties  (v,  //,  and 
T)  at  point  1,  the  beginning  of  compression.  (Two  of  the  properties  are 
independent  ,  and  the  other  three  are  dependent  at  each  point  in  the  cycle.) 

(c)  Assume  that  the  engine  cylinder  is  sized  to  hold  exactly  1  lb  of  steam  at  this 
specific  volume,  r,,  so  that  Ej  ~  \’| .  In  this  analysis,  capital  //  and  V^renre.senl 
actual  values,  and  lower-ca.se  h  and  v  repre.sent  specific  (relative)  values. 

(d)  Use  the  compression  ratio  R^.  -  28  ;  1  to  calculate  i’2  =  V,  =  • 

(e)  Use  Vt  and  S  to  obtain  the  other  steatn  properties  at  point  2,  end  of 
compression. 

(f)  Use  the  steam  properties  at  points  1  and  2  and  the  cylinder  volumes  at  U,  and 
V'-)  to  determine  the  indicated  mean  effective  compression  pressure  (!MCP) 
from  the  change  iti  internal  energy  oi  the  compressed  steam,  as  illustrated  in 
figure  D-6. 

(g)  Assume  that  the  admission  valve  opens  at  exactly  top-dead -center  of  the 
piston  stroke  and  that  the  compre.ssed  steatn  is  instantly  pressurized  to  1200 
psia  in  the  clearance  volume. 

(h)  Assume  that  the  steam  properties  at  the  end  of  admission  (cutoff)  arc  .S3  =  S 
and  P.  =  1 200  psia,  and  determine  the  enthalpy  and  specil’ic  volume  of  the 
mixture  of  compressed  and  admitted  steam  at  point  ?i,  cutoli. 

(i)  Assume  that  the  admission  process  is  adiabatic  and  conduct  a  heat  balance 
using  the  enthalpies  at  points  2  and  3  and  the  weight  of  the  compressed  steam 
at  point  2  to  determine  the  weight  of  the  steam  admitted, 

(j)  Use  the  total  weight  of  steam  and  its  specific  volume  at  point  3  to  determine 
the  cylinder  volume.  V  3.  at  cutofi'. 

(k)  Use  \\  and  I '4  =  \  |  to  calculate  the  expansion  ratio,  and  the  specific 
volume,  C4  =  at  point  4,  relea.se. 

(l)  Use  14  and  .V  ^  =  S  to  determine  the  steam  pressure  and  enthalpy  (P4  and  li^) 
at  release. 
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Figure  D-0.  Process  for 
calculation  of  mean 
effective  pressure  for 
steam  engine. 


(ni)  Use  the  steam  properties  at  points  3  and  4  and  the  cylinder  volumes  V,  and  V, 
to  determine  the  indicated  mean  effective  expansion  pressure  (IMXP)  from 
the  change  in  internal  energy  of  the  expanded  steam,  as  illustrated  in  figure 
D-6. 

(n)  Compute  the  indicated  mean  effective  forward  pressure  (IMFP)  using  the 

IMXP  and  the  area  /4  _  =  C,),  as  shown  in  figure  D-6. 

(o)  Compute  the  IMEP  from  IMEP  =  IMFP  -  IMCP  and  compare  it  with  the 
desired  value  from  stej)  (a). 

(p)  Adjust  the  value  assumed  for  the  entropy  line,  S,  and  repeat  the  above  process 
until  the  desired  value  of  IMEP  is  obtained. 
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D-4.  Engine  Cycle  Thermodynamics 

An  example  engine  cycle  analysis  for  the  conditions  necessary  to  give 
IMEP  =  100  psi,  the  nominal  case  of  interest,  is  as  follows.  First,  a  value  for 
the  entropy  line  is  selected  as  .S  =  1 .6047  (previously  determined  by  trial  and 
error).  With  Pj  =  16  psia,  the  other  steam  properties  at  point  1  are  found  to  be 

Pj  =  16.0  psia, 

7,  =  216.3°F, 
v^  =  22.2447  ftVib, 
h^  =  1054.0  btu/lb, 

S,  =  1.6047. 

Note  that  this  steam  is  not  superheated.  Its  quality  is  89.9  percent  (10.1- 
percent  condensed  liquid)  in  theory.  In  actual  practice  the  steam  is  probably 
in  a  supersaturated  condition  wherein  condensation  has  not  had  a  chance  to 
take  place  because  of  the  high-speed  engine  operation  (-150  Hz)  and  the 
slight  amount  of  expansion  into  the  condensation  zone. 

D‘4.1  Compression  Analysis 

To  obtain  the  conditions  at  point  2,  assume  an  adiabatic  (no  heat  transfer)  and 
iseiitiO[)ic  (coiisiani  eiitiopy)  coiupression  process.  An  insulating  jacket  on 
the  engine  and  operation  at  such  a  high  speed  makes  this  a  reasonable 
assumption.  Also,  assume  that  the  cylinder  is  sized  to  hold  exactly  1  lb  of 
residual  exhaust  steam  so  that  V^  =  22.2447  ft^  Applying  the  specified 
compression  ratio,  find  Vj  =  ~  22.2447/28.0  =  0.7945  fl  Vlb.  Tne  other 

steam  properties  at  point  2  are  found  to  be 

P-)  =  926.3  psia, 

7o  =  859.7°F, 

12  =  0.7945  ft-Vlb, 
hj  =  1427.7  blu/lb, 

^2  =  1 .6047. 

Note  that  the  desired  pressure  and  temperature  conditions  of  1200  psia  and 
1000°F  were  not  reached  with  this  low  compression  ratio. 

The  area  under  the  compression  curve  for  this  adiabatic  and  thermodynami¬ 
cally  closed  system  represents  the  change  in  internal  energy.  1),  of  the  steam 
cau.sed  by  the  compre.ssion  process  15],  Internal  energy  is  computed  from  the 
enthalpy  (//)  values  as  follows. 


Since 


h  =  u  +  pv  , 


then 


u  =  h  -  pv  , 


and 


A^.-\pdv  =  AU 


So 


IMCP  =  AU/AV  =  iU2  -  -  V2)  . 

Since  exactly  1  lb  of  residual  exhaust  steam  is  being  compressed,  VP,  =  1^2  = 
1,  V',  =  Vj,  U^  ~  =  /j|,  and  V2  -  V2,  etc.  So, 

t/,  =  I  X  (1054.0-  16  X  22.2447/5.404)  =  988. 14  btu  , 

(/,=  1  x(  1427.7 -926.3x0.7945/5.404)  =  1291.51  btu  , 

and 


IMCP  = 


1  X(1291.51  -988.14)x5.404 
1  X  (22.2447 -0.7945) 


76.43  psi  , 


where  778.165  ft-lb/btu  [6]  and  144  in.^/ft^  are  used  to  make  the  appropriate 
dimensional  conversions,  and  5.404  =  778.165/144. 


D-4.2  Admission  Analysis 

To  obtain  the  steam  properties  at  cutoff  (point  3),  use  the  admission  pressure 
Pt^  =  1200  psia,  and  the  constant  entropy  value  S3  =  1 .6047  to  interpolate  for 
the  other  three  values; 


7*3  =  1 200  psia, 

7^3  =  940.6^F, 

V3  =  0.6491  ft-Vlb. 
h\  =  1464.44  btu/lb, 

S3  =  1 .6047. 

For  an  adiabatic  admission  process,  the  heat  balance  is 
W2  h2  +  /y  =  (VP2  +  lP/)/!3  , 
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where  W2  is  the  weight  of  the  compressed  steam  and  is  the  weight  of  the 
feed  steani.  Properties  of  the  feed  steam  are 

Pf  =  1200  psia, 

=  1000°F, 
v^=  0.6843  ft  ■"'/lb, 
hj  =  1499.2  btu/lb, 

Sf  =  1.6293. 

Sol\  ing  for  the  relative  weight  of  the  feed  steam, 


^  -  1464.44-  1427.7 

~  l>f  -  /'3  '  1499.2  -  1464.44 


1 .037  Ib/lb  compre.ssed  steam 


The  engine  cylinder  volume  ai  cutoff  is 

V3  =  +  Wj)  =  0.649  U 1  +  1 .057)  =  1 .335  ft^  , 

which  is 


1.3.35-0.7945  .1 

^447  r().7945  ==  percent  ot  the  piston  stroke  . 

D-4J  Expansion  Analysis 

The  engine  expansion  ratio  is 

=  vyV'3  =  V^/V^  =  22.2447/ 1.335  =1 6.66  :  1  . 

The  specific  volume  of  the  steam  at  release,  point  4  in  the  cycle,  is  found  by 
applying  Ry 

V4  =  R^v-^  =  1 6.66  X  0.649 1  =  1 0.8 1 28  i\^/\h  . 

Other  properties  of  the  steam  at  release  are  found  from  steam  table  interpo¬ 
lation  to  be 

F4  =  36.2  psia, 

74  =  26i.3°F, 

V4=  10.8128  ftVib, 

//4  =  1 1 10.4  btu/lb, 

54=  1.6047. 

The  IMXP  is  found  by  the  same  process  used  for  determining  the  IMCP  as 
follows; 


IMXP  =  AJAV  =  AU/AV  =  ((/^  -  fy4Vt  V4  -  V'3) 


So, 

=  W{  1 464.4  -  1 200  x  0.649 1/3.404)  =  1 320.31V  btu  , 
=  W(1 1 10.4  -  36.2  X  10.8128/3.404)  =  1038.1  M/  btu  , 


IMXP  -  2.057 


(im3-  1 0^8.1)5.404 
^  ‘  22.2447  -  L335 


150.2  psi  . 


From  figure  D-6, 


IMFP-(4„  +  .4,)/(V4-V2)  , 

=  1  P2(V'.,  -  v.)  +  IMXP(V4  -  V,) ]/( V'4  -  V2)  . 

_  1200(1.335  -0.7945)  +  150.2(22.2447  -  1.335)  _ 


Also  from  figure  D-6,  the  IMEP  is 

IMEP  =  IMFP  -  IMCP  =  1 76.6  -  76.4  1 00.2  psi  , 

wliieii  is  iiie  ciesiteti  value  (since  iiie  ]»io)>ei  value  ul  S  was  jMcseicOteu  loi  tins 
example). 


D-4.4  Exhaust  Analysis 

The  properties  of  the  steam  exhausting  into  the  condenser  at  Ibpsiaarefound 
by  referring  to  figure  D-4  to  note  that  h^(_-  =  h^.  Thus,  from  steam  table 
interpolation 

=  16.0  psia, 

74^.  =  216,32'’F. 

=  23.6863  ft  Vlb. 

//4(^-  =  1 1 10.4  btu/lb, 

S4(-=  1.6881. 

D-5.  Vapor-Cycle  Thermodynamics 

Now  the  thermal  elficieney  of  the  vapor-cycle  power  system  can  be  deter¬ 
mined.  The  equation  for  thermal  efficiency  is 


net  work  _  engine  work  -  pump  work 
^  heat  added  7/^  -//^^ 
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where  Hj^c  is  content  of  the  compressed  boiler  feed  water.  Also, 

h2Yc  -  pump  work  , 

where  is  the  heat  content  of  the  condensed  1  iquid  at  the  condenser  pressure 

of  16  psia.  From  the  steam  tables,  =  184.4  btu/lb. 

D-5,1  Pump  Work 

The  ideal  pump  work,  assuming  adiabatic  pressurization  of  an  incompress¬ 
ible  liquid,  is 


The  specific  volume  of  the  saturated  liquid  at  16  psia  is  0.01674  ft^/lb.  Thus, 
pump  work  =  0.01674(1200  -  i6)/5.404  =  3.67  btu/lb  . 

So 

h2^;c  =  1 84.4  +  3.67  =188.1  btu/lb  . 

The  heat  added  in  the  boiler  is 


11  1  Ai\i\ 

rtj— 


1^11  1  1.  .  .  /n. 

I  I  I  .  I  DIU/IU 


D-5.2  Engine  Work 

The  theoretical  engine  work  is  found  using  the  IMEP  and  the  engine  cylinder 
volume: 


work  =  IMEP(V'4  -  V2y^A04  blu 

=  100.2(22.2447  -  0.7945)/5.404  =  397.7  btu  . 

Or,  accounting  for  the  w'cight  of  the  steam  used  per  cycle, 

specific  work  =  397.7/1 .057  =  376.3  btu/lb  . 

D-5.3  Ideal  Thermal  Efficiency  with  Engine 

The  theoretical  thermal  efficiency  of  the  vapor  cycle  power  system,  at  an 
engine  operating  condition  of  IMEP  =  100  psi,  is 


E^  = 


376.3-3.67 
131 1.1 


=  28.42  percent 
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With  2544  btu/indicated  horsepower-hour,  the  steam  rate  at  100  psi  IMEP  is 
2544/376.3  =  6.76  Ib/ihp-hr  ; 


and  the  heat  rate  is 


1311.1  btu/lb  X  6.76  Ib/ihp-hr  =  8,866  btu/ihp-hr  ,  or 
8,866/0.7457  kW/hp  1 1 ,900  btu/ikW-hr  . 

DS.4  Thermal  Efficiency  with  Turbine  Expander 

The  thermal  efficiency  of  the  vapor-cycle  power  system  using  the  engine  as 
an  expander  can  be  compared  to  the  theoretical  efficiency  of  the  simple 
Rankine  cycle  that  uses  a  steady-flow  turbine-type  steam  expander  as 
follows.  Referring  to  figure  D-1,  the  steam  is  expanded  from  the  boiler  feed 
conditions  along  a  constant  entropy  line  -  1 .6293  to  the  condenser  pressure 
of  1 6  psia,  where  its  heat  content,  found  from  the  steam  tables,  is 

1070.6  btu/lb  . 

Rankine  thermal  efficiency  in  this  ca.se  is 


^  _  net  work  _  heat  added  -  heat  rejected  _  ^  heat  re  jected 
^  heat  added  heat  added  heat  added 

The  heat  rejected  in  the  condenser  is 

^'4/t  -  =  ^^70.6  -  1 84.4  =  886.2  btu/lb  ; 

and  the  heat  added  in  the  boiler  is  the  same  1311.1  btu/lb  as  before.  So 

_  ,  886.2 

=  ,  ,  j  =  32.4!  percent  ; 

and  the  ratio  of  the  engine  Rankine  cycle  to  the  steady-flow  Rankine  cycle 
efficiencies  is 


28.42.n?.41  =  87.7  percent  . 

D-5.5  Incomplete  Expansion  Process 

The  engine-type  expander  gives  lower  efficiency  for  the  vapor-cycle  power 
system  than  the  turbine-type  expander,  because  the  engine  does  not  fully 
expand  the  steam  to  the  low  16-psia  pressure  level  in  the  conden.ser.  The 
reason  the  engine  docs  not  u.se  full  expansion  is  to  allow  it  to  be  more  compact. 
The  piston  stroke  and  cylinder  would  have  to  be  considerably  longer  than 
required  (more  than  two  times)  for  a  design  that  terminates  expansion  at  the 
slightly  higher  pressure  level  ofrclea.se  (36.2  psia  in  the  example  above).  The 
loss  in  efficiency  due  to  the  incomplete  expansion  operation  of  the  engine  can 
be  estimated  with  the  help  of  figure  D-7,  which  is  focused  on  a  single  pound 
of  steam. 
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Figure  I)-7.  Analysis  for 
incuiiipleto-expunsiun 
engine  losses. 


1200  psi 


3  =  1464.44,  1=0.649; 


For  1-lb  steam 


Note  that  the  additional  specific  work,  represented  by  the  area  of  the  complete 
expansion  “triangle,”  is 

(/(4 -/I,) P.bV.'i. 404 

=  (l  1 1 0.4-  1 054.0) -(36.2-  16)10.8128/5.404  =  16.0btu/lb  . 

With  this  extra  work  accounted  for  in  the  full-expansion  engine  cycle,’*-  the 
new  specific  engine  work  is 


397.7  -I-  2.057  x 
1.057 


=  407.4  btii/lb  , 


,nd  the  theoretical  thermal  efficiency  becomes 


E'.  =  (407.4  -  3.67)/l  311.1=  30.79  percent  , 

compared  to  the  incomplete  expansion  value  of  28.42  percent.  The  remainder 
of  the  losses,  compared  to  the  steady-llow  Rankine  vapor-cycle  value  of 
32.4!  percem,  are  likely  due  to  the  incomplete  coinpressiont  and  the 
admission  mixing  procc.sscs. 


D-5.6  Carnot  Thermal  Efficiency 

Another  comparison  of  the  vapor-cycle  system  performance  is  obtained  from 
the  theoretical  thermal  efficiency  of  the  ideal  Carnot  thermodynamic  cycle 
operating  between  the  same  temperature  extiemes: 


E 


( iiiiii>i 


II 


216.32 -(-460 
1000  4-  460 


=  53.68  percent 


’‘  A/fVe  tinii  .spcriiil  cxlhiiist  vulvlns;  w.mld  he  raiiiin’il  to  cxpund  <;//  ilic  sh'tiin  lo  ll>  p.sui  nthl  ii>  tdinprcss  ())ily  I  Ih 
hack  to  near  htulci  cnnduions. 

'^An  cffuicncy  nfdO.dd  percent  Dhlained  for  the  IOO-p\i  IMh'.l’  incomplete  e\pansii>n  i\i  Ic  when  a  compression 
ratio  ofdd  :  I  is  used. 


D-6. 


"^Cyli.'nlci  V(>liiint'  l(>r  the  t 


Comparison  of  Performance  at  Various  Operating 
Conditions 

In  order  to  get  a  better  picture  of  the  steam  engine  operation,  other  cases  of 
interest  were  analyzed.  These  include  a  half-power  case  of  IMEP  =  30  psia, 
a  double-power  case  of  IMEP  =  200  psia,  a  case  where  the  cutoff  is  1 0  percent 
of  the  piston  stroke  (IMEP  =  293  psia),  a  case  where  condenser  back-pressure 
is  increased  to  19  psia,  and  a  case  where  the  engine  compression  ratio  is  33  ;  1. 
To  speed  the  process,  calculations  were  automated  by  means  of  a  computer 
spreadsheet.  The  results  are  .summarized  in  tabic  D-1,  with  selected  results 
displayed  graphically  in  figure  D-S.  The  arrangement  of  the  entries  in  table 
D-1  follows  the  steps  in  the  analysis  in  section  D-3.  Note  the  following  from 
these  results. 


The  model  is  well-behaved  over  the  broad  range  of  powerorcutoff  conditions 
analyzed. 

The  system  efficiency  peaks  at  an  IMEP  near  100  psi.  The  efficiency 
decreases  for  the  IMEP  =  30  psi  case  prob.tbly  because  only  0.3.33  lb  of  steam 
is  being  mixed  with  the  1.0  lb  of  compressed  steam.  The  incoming  steam  is 
thereby  cooled  to  a  proportionally  greater  extent  than  in  the  IMEP  =  100  psi 
case,  where  1.0.37  lb  of. steam  is  admiticil. 


The  higher  compression  ratio  of  .3.3  :  1  results  in  the  residual  steam  being 
compressed  to  essentially  boiler  conditions  (P-,  =  1 1 9.3  psia  and  7 ->  =  997°F). 
As  expected,  this  results  in  significantly  higher  efficiency  operation  (.30.04 
versus  28.42  percent). 


The  higher  exhaust  back-pressure  of  19  psia  results  in  compression  to  higher 
pressure  and  temperature  than  when  the  lower  pressure  of  1 6  psia  is  used.  This 
increased  back-pressure  also  improves  efficiency  somewhat  (29.39  versus 
28.42  percent).  The  rcasc-n  for  ihi.s  is  probably  the  significan.tly  increased 
energy  of  the  compressed  steam  being  mixed  during  admission. 


Note  that  none  of  the  compression  pressures  reached  the  admission  value  of 
1200  psia.  The  result  is  that  a  full  1  lb  of  comjmessed  steam  is  always  mixed 
with  the  admitted  steam.  No  steam  escapes  through  the  pressure  relief  valve 
(as  planned,  since  the  model  docs  not  handle  escaping  .steam  any'vay). 

Note  that  the  size  of  the  engine  changes  for  each  new  ease  analyzed,  ranging 
from  20.94  to  2 !  .73  fl^  lor  the  standard  cases.*  This  feature  aecomniodates 
the  “exactly  1  lb"  of  compressed  steam  requirement  when  the  cycle  operates 
on  different  entropy  lines.  This  is  a  deficiency  in  the  model  that  may  cause  the 
level  of  efficiency  predicted  to  be  too  low. 

irlitui  ciiyiiic  n  (1.4-f  in.' 
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Table  D-1.  Summary  of  results  for  vapor-cycle  engine  and  power  system  analysis 


Parameter" 

Units 

Case  F' 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

Case  7 

IMEP* 

psi 

50 

100 

150 

200 

295 

KX) 

100 

Entropy' 

1 .5742 

1.6(t47 

1.6139 

1.6183 

1.6224 

1.6263 

1.6287 

Feed  steam* 

'/ 

psi  a 

1200.0 

12(K).0 

12(K).0 

12(K).0 

121X1.0 

1 21X1.0 

121X1.0 

°F 

KXjO.O 

KHKl.O 

1000.0 

1000.0 

1000.0 

lOtXl.O 

UKm.o 

ftCib 

0.6843 

0.6843 

0.6843 

0.6843 

0.6843 

0.6843 

0.6843 

btu/lb 

1499.2 

1499.2 

1499.2 

1499.2 

1499.2 

1499.2 

1499.2 

— 

1 .6293 

1.6293 

1.6293 

1.6293 

1 .6293 

1.6293 

1 .6293 

Point  1  steam 

P,*t 

psi  a 

16.0 

16.0 

16.0 

16.0 

16.0 

19.11 

16.0 

°F 

216.3 

216.3 

216.3 

216.3 

210.3 

225.2 

21(1.3 

'’l 

ft^/lb 

21.7177 

22.2447 

22.4036 

22.4797 

22.5505 

19.4349 

22.6594 

^'i 

btu/lb 

1033.4 

1054.0 

1060.2 

1063.2 

10o5.9 

1080.2 

1070.2 

5,t 

— 

1 .5742 

1.6047 

1.61.39 

1.6183 

1.6224 

1.6263 

1.6287 

Quality 

87.7 

89.9 

90.5 

90.8 

91.1 

92.2 

91.5 

R .  * 

to  1 

28.00 

28.00 

28.tX) 

28.00 

28.00 

28.00 

33.00 

Point  2  steani 

Ps 

psia 

875.6 

926.3 

941.9 

949.3 

956.7 

1169.5 

1 193.1 

7, 

op 

775.8 

8.S9.7 

886.1 

898.8 

911.4 

984.6 

996.7 

tst 

ft'/lb 

0.7756 

0.7945 

0.8tX)l 

0.8028 

0.8054 

0.6941 

(1.6866 

h. 

btu/lb 

1381.3 

1427.7 

1442.3 

1449.4 

1456.2 

1491.2 

1497,5 

— 

1.5742 

1 .6(^47 

1.61.79 

1.6183 

1.6224 

1.6263 

1 .6287 

Point  3  steam 

psiu 

1200.0 

1200.0 

12(X).0 

12(X).0 

1200.0 

121X1.0 

1200.0 

T, 

op 

869.5 

940.6 

962.8 

973.4 

983.3 

992.8 

998.6 

V, 

ft\lb 

0.6062 

0.6491 

0.6622 

0.6685 

0,6744 

0.681X1 

0.6834 

btu/lb 

1422.42 

1464.44 

1477.44 

1483.66 

1489.45 

1491.96 

1498.35 

— 

i.5742 

1 .6047 

1.61.39 

1.6183 

1 .6224 

1.6.'’63 

1.6287 

Feed  weight 

lb 

0.535 

1.057 

1.615 

2.207 

3.408 

11.S98 

1.017 

Engine  properties 

V, 

ft’ 

21.7177 

22.2447 

22.4036 

22.4797 

22.550.5 

19.4.349 

22.6594 

^2 

ft’ 

0.7756 

0.7945 

0.8001 

0.8028 

0,8054 

0.6941 

(1.6866 

V, 

ft’ 

0.9306 

1 .3353 

1.7316 

2.1437 

2.9731 

1.29119 

1 .3783 

ft’ 

21.7177 

22.2447 

22.4036 

22.4797 

22.5505 

19,4349 

22,6594 

Displacement 

ft’ 

20.94 

21.45 

21.60 

21.68 

21.75 

18.74 

21.97 

to  1 

23.34 

16.66 

12.94 

10.49 

7.58 

15.116 

16.44 

Point  4  steam 

psia 

25.97 

36.24 

47.64 

60.14 

87.78 

39.35 

35.47 

cp 

242.19 

261.34 

277.98 

292.86 

330.97 

266.25 

260.07 

ftVlb 

14.1463 

10.8128 

8.5682 

7.0106 

5.1153 

10.2377 

11.2361 

h, 

btu/lb 

1065..34 

1110.38 

1137.45 

1158.59 

1192.00 

1132.08 

1126.12 

SJ 

— 

1.5742 

1.6047 

1.6139 

1.6183 

1.6224 

1.6263 

1.6287 

Engine  properties 

Cutoff 

% 

0.74 

2.52 

4.31 

6.19 

9.97 

3.18 

3.15 

to  i 

1.20 

1.68 

2.16 

2.67 

3.69 

1.86 

2.01 

IMCP 

psi 

74.0 

76.4 

77.3 

77,7 

78.1 

94.9 

84,3 

IMXP 

psi 

1 15.9 

150.2 

183.5 

217.0 

280.8 

161.9 

150.7 
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Tabic  D-1.  Summary  of  results  for  vapor-cycle  engine  and  power  system  analysis  (cont'd) 


Parameter" 

Units 

Case  P’ 

Case  2 

Case  3 

Case  4 

Case  5 

Case  0 

Case  7 

Engine  propertic.s  (coin'd) 

IMFP  psi 

123.‘) 

176.6 

227.3 

277.8 

372.3 

195.0 

183.7 

IMFP 

psi 

50.0 

100.2 

150.1 

2(K).l 

2‘)4.3 

100.1 

99.4 

IMEP  enor 

psi 

0.0 

0.2 

0.1 

0.1 

-0.7 

0.1 

-0.6 

Point  4C  propenics 

Pact 

psia 

Ib.OO 

16.00 

16.(X) 

16(K) 

16.00 

19.00 

16.(X) 

Tm- 

T 

216.32 

216.32 

216.32 

298.95 

225.24 

216.32 

Ur 

ft^'/lb 

22.5351 

23.6863 

24.3781 

24.8644 

27.9795 

20.6145 

24.0887 

btu/lb 

1065.34 

1110.38 

1137.45 

1158.59 

1 192.(K) 

1 1.32.08 

1126.12 

■''ar- 

— 

1.6215 

1.6881 

1.7282 

1 .7513 

1 .8,056 

1 .7050 

1.7114 

Cycle  properties 

btu/lb 

1070.6 

1070.6 

1070.6 

1070.6 

1070.6 

1080.4 

1070.6 

P  t 

pump  in 

psia 

16.0 

16.0 

16(1 

16.0 

16.0 

19.0 

16.0 

ft’/lb 

0.01674 

0.01674 

0.01674 

0.01674 

0.01674 

0.0 1681 

0.01674 

pump 

btu/lb 

184.4 

184.4 

184.4 

184.4 

184.4 

193.4 

184.4 

Pump  work 

btu/lb 

3.6677 

3.6677 

3.6077 

3.6677 

3.6077 

3.6737 

3.6677 

><11. 

btu/lb 

188.01 

188.01 

188.0‘) 

188.09 

188.09 

197.09 

188.01 

C ycle  performance 

Heat  in 

btu/lb 

1311.11 

1311.11 

l.Hl.ll 

131 1.11 

1311.11 

1302.1 1 

1311.11 

Gross  work  out 

btu 

l‘)3.73 

317.76 

5‘>9.X6 

802.52 

1184.29 

347,14 

404.14 

Work  out 

btu/lb 

361.17 

376.22 

371.41 

363.70 

347.40 

386.42 

397.52 

Nci  work 

btu/lb 

358.30 

372.55 

367.82 

360.04 

343.79 

382.74 

393.85 

W:iter  rate 

Ib/ilip-hr 

7.03 

6,76 

6.85 

6.99 

7..32 

6.58 

6.40 

Heat  rate 

btu/ibp-hr 

1214.8 

8865.7 

8178.6 

9170.8 

9591.7 

8572..5 

8390.7 

Efficiency 

27.33 

28.42 

28.05 

27.46 

26.22 

29..39 

30.04 

Steady-llow  Rankine 

32.41 

32.41 

32.41 

32.41 

32.41 

31.88 

.32.41 

Carnot  etficiency 

53.68 

53.68 

33.68 

53.68 

53.68 

53.07 

5,3.68 

“Symbols: 

"  =  independent  variable 
+  =  independent  property  (see  sect.  D-3) 
P  =  pressure 
T  =  temperature 

V  =  volume 

V  =  specific  volume 
h  -  specific  enthalpy 
5  =  entropy 

R  =  ratio 


Acronyms: 

IMEr  =  indicated  mean  effective  pressure 
IMCP  =  indicated  mean  compression  pressure 
IMXP  -  indicated  mean  expansion  pressure 
IMFP  =  indicated  mean  forward  pressure 
'’Casel:PorlMP.P-5U 
Case  2:  For  IMEP  =  100 
Cased:  Foi  IIVIFd’  =  150 
Case  4:  Tor  IMEP  =  200 
Case  5:  For  cutoff  of  10'/i> 


Subscripts: 

f  =  feed  steam 

1,  2, 3,  4  =  prints  in  cycle 

comp  =  compression 

exp  =  expansion 

C  =  condenser  input  properties 

L  -  liquid 


Case  b;  For  exhaust  pressure  increased  to  11  psi 
Case  7;  For  compression  ratio  increased  to  33:1. 
‘Final  value  for  entropy  line;  determined  by  iteration 
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D'7.  Losses  in  Thermodynamic  Cycle 

Tile  themiodynamic  cycle  analyzed  to  this  point  does  not  include  any  losses 
due  to  inefficiencies  in  ihc  various  elements  such  as  the  condenser,  pump, 
boiler  pipes,  and  valves.  For  a  more  rigorous  analysis,  models  and  experimen¬ 
tal  data  for  each  of  these  elements  can  be  found  in  the  literature.  Only  rough 
estimates  of  the  los.ses  for  these  clemeiits  arc  given  here. 

D~7.1  Condenser  Losses 

Steam  exhausts  into  the  condenser  at  a  back-pressure  of  1 6  psia.  However,  the 
pressure  in  the  water  tank  can  be  assumed  to  be  at  atmospheric  pressure  ( 14.7 
psia),  resulting  in  a  1  ..4-  psia  pre.ssurc  loss  in  the  conden.ser.  A  comparison  of 
the  temperature  and  enthalpy  for  the  saturated  liquid  at  thc.se  two  pressures  is 
as  follows: 

(psia)  7’('’F)  (btu/lb) 

16.(1  216.3  184.4 

14  7  212.0  180.1 

A  ^.3  -4.3 

One  can  further  assume  ihat  the  liquid  in  ihe  water  tank  cooks  to  below  21  2'F. 
to  18.^°Fforoxamplc,butthatabout8()percentofthistempcraturedifferential 
is  recoveted  by  a  feed  water  heater  element  that  extracts  waste  heat  from  the 
exhaust  steatn.  Thus,  the  temperature  of  the  feed  water  would  be  18.S  + 
0.8(212- 18.3)  =  2()6.6'^F.  and  the  value  for/.’/  at  point  1  in  the  Rankine  cycle 
weuldbe  180.1  -(2 1 2-206.6)  x  1  btu/ib/^F=  174.7btu/lb,whichis9.7btu/lb 
lower  than  the  184.3  btu/lb  u.scd  for  the  ideal  case. 


D-7.2  Pipe,  Pump,  and  Valve  Losses 


VJUV'  ivj  luiizuiviiw  lii  iiiv 


•*  I  4  1  1 /\f> 


valve  can  be  assutned  to  require  increased  pi  essurc  ft  om  the  pump  in  order  for 
tile  output  pressure  to  be  1 200  psia  after  these  los.ses.  Assuming  a  .3()-psi  loss 
in  each  element,  the  pump  outlet  picssurc  would  have  to  be  1 300  psia  instead 
of  the  1200  psia  as.sumed  for  the  idea!  analysis.  Also,  the  pump  will  not  be 
lOO-pereent  efficient  because  of  leakage  tlirough  the  clcaram  cs,  nonadia- 
batic  thermodynamics,  etc.  Using  tlic  specific  volume  of  saturated  liquid  at 
206°F  to  help  account  for  the  revised  inlet  conditions ,  assuming  that  the  pump 
is  70- percent  efficient,  and  accounting  for  the  pressure  drops,  wc  obtain  for 
’.he  pump  work  with  losses 

().()1667(  1 300  -  14.7)/(().7  x  .A4()4)  =  .3.664  btu/lb  . 


compare;!  to  a  value  of  .3.668  btu/lb  for  the  ideal  case. 


The  heat  content  of  ihe  compressed  boiler  feed-water  (assuming  that  the 
pump  inefficiency  is  not  recovered  as  heat)  would  be 

=  174.7  +  0.7  X  5.664  =  178.7  biu/lb  . 

Assuming  that  the  steam  admitted  into  the  engine  cylinder  is  throttled  at 
constant  enthalpy  from  the  boiler  output  conditions,  the  heat  content  of  the 
steam  output  f.  om  the  boiler  is  1 499.2  btu/lb,  and  its  pressure  and  temperature 
are  1250  psia  and  1002.6”F. 

The  heat  added  in  the  boiler  is  1499.2  -  178.7  =  1320.5  btu/lb,  and  the 
efficiency  of  the  vapor-cycle  power  system  including  the  above  losses  at 
IMEP  =  100  psi  is  now 


^  376.3  -5.664  _ 

Ec  =  —  320  5'  “  "  28.07  percent 


compared  to  the  28.42  percent  detennined  without  these  losses.  Thus,  the 
condenser,  pump,  piping,  and  valve  losses  can  be  expected  to  reduce  the 
vapor-cycle  thermal  efficiency  about  0.5  percent,  or  perhaps  as  much  as 
1  percent. 
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We  can  make  a  rough  estimate  of  the  thermodynamic  and  Ouid-flcw  losses 
within  the  engine,  due  to  noni.sentropic  processes,  turbulence  and  fluid 
friction,  throttling  pressure  drops  during  admission  and  exhaust,  leakage, 
thermal  losses,  etc,  by  assuming  that  the  area  (representing  work)  of  the  actual 
indicated  P/V'diagram  would  be  about  1 0  percent  less  than  the  theoretical  area 
of  397.7  btu  (IMEP  =  100  psi  case),  as  shown  in  figure  D-9. 


Thus,  specific  engine  work  might  be 


Figure  U-9.  Ideal  engine 
cycle  diagram  and 
estimate  for  realistic 
diagram.  ^ 
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=  338.6  btu/lb  . 
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With  this  estimate,  the  thermal  efficiency  of  the  vapor  cycle,  including  the 
losses  discussed  previously,  is 


338^6-^ 

‘'n20.'5 


=  25.21  percent  . 


So  the  overall  efficiency  reduction  from  the  ideal  is  about  3  to  4  percent. 

Other  inefficiencies  for  the  entire  power  plant,  such  as  fuel-burner  to  water- 
heating  efficiency,  engine  friction  and  accessory  losses,  and  the  inefficiency 
of  the  motor/generator  device,  are  discussed  in  the  body  of  the  report. 


D-8.  Conclusions  and  Observations 

The  positive-displacement  engine-type  expander  is  expected  to  be  much 
better  suited  to  low-power  applications  { 1  to  1 0  indicated  hp,  in  the  case  of  the 
soldier  power  system)  than  is  the  turbine-type  steady-fiow  expander  [7].  The 
model  shows  that  reasonably  high  efficiencies  can  be  expected  from  the  high- 
compression  uniflow  steam  engine  vapor-cycle  system. 


It  w  as  anticipated  that  the  high-compression  processing  by  the  engine  of  some 
of  the  expanded  steam  back  to  boiler  output  conditions  (thereby  bypassing  the 
condensation  and  vaporization  processes  for  a  significant  poition  of  the 
proces.sed  steam)  would  result  in  even  higher  economies  than  the  model 
predicts.  For  example,  for  the  ideal  IMEP  =  100  psi  ca.se,  the  change  in 
enthalpy  for  the  residual  1  lb  of  compres.scd  exhaust  steam  w  ould  be  /i;.  - 
=  1 499.2  -  1 1 1 0.4  =  388.0  btu/lb  (work  done  by  the  engine),  versus  hf-  = 
1499.2  -  184.4  =  1314.8  btu/lb  (work  done  by  the  boiler)  for  1  ib  of  exhaust 
steam  that  is  first  condensed  to  liquid.  This  is  an  apparent  savings  of  13 14.8 
-  388.8  =  926  btu/lb  for  pan  of  the  steam  flowing  only  through  the  engine.  In 
this  model  at  least,  the  1  Ib  of  residual  steam  is  merely  recyeled  through  the 

.V  1  /-I  I  • » I /-x  Of  '•••  «■?  r I*  it 
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with  no  apparent  effect  on  economy. 


The  Williams  Co.  reportedly  achieved  thermal  eiTiciency  measurements  in 
the  lab  on  the  order  of  35  percent  for  one  of  their  engine:-:  operating  on  1000 
p-.ia  and  980°F  steam  [Sj.  On  the  basis  of  this  model,  achieving  such 
cfficieneies  isqucstionable.  (However. olherreferences  19j  also  indicate  that 
higher  than  Rankiiic  thermal  ell  ':c:c  acies  Cvin  bo  obtained  by  direct  eoinpre.s- 
sion  of  exhaust  vapor  using  a  simple  iu»arv  compressor/exp.mdor  having  a 
very  high  volumetric  comprcssioii  ratio:  7t) :  !.!  By  opciaUng  at  a  higher 
compression  ratio  such  a.-.  33  :  1 ,  eff  leicncy  can  be  improved  by  .at  least  1  to 
2  percent,  as  shown  in  the  example  ease  picsented  in  f  igure  U-8.  This  would 
put  indicated  efficiency,  with  losses,  at  a  iovel  of  27  to  28  peiecnt  at  best. 
However,  it  may  lurn  out  dial  even  higher  effieicneics  are  predicted  when  the 
model  ictinemciUs  discus.sed  in  section  D-9  are  investigaled. 
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There  may  be  exhaust  conditions,  such  as  higher  entropy  values,  existing  in 
the  residual  exhaust  steam  of  an  actual  operating  engine,  that  result  in 
compression  temperatures  that  exceed  boiler  temperature  at  the  !2()0-psia 
relief  valve  setting.  Another  possibility  is  to  scl  tlic  relief  valve  pressure  at  a 
level  nigher  than  boiler  pressure  in  order  to  insure  compression  temperatures 
higher  than  boiler  temperature.  Also,  for  a  compression  ratio  that  is  high 
enough  to  always  blow  off  part  of  the  compressed  steam  through  the  relief 
valve  (whatever  the  pressure  setting)  and  back  into  the  leed-steam  manilold, 
so  that  only  part  of  the  compressed  steam  is  used  each  expansion  cycle,  some 
of  the  economy  expected  from  bypassing  the  condenser  process  might  be 
realized. 


Even  if  high  con\orcssion  pressures  cannot  improve  thermal  efficiency  to  the 
30-percem  levci  for  the  overall  vapor  cycle  with  los.ses.  they  do  result  in  the 
highest  level  of  engine  efficiency,  compared  to  noncompression  unillow 
engine  systems  [  lOj.This  is  because  the  cylinder  and  piston  healing  resulting 
from  the  high  compre^sion  temperature  completely  eliminates  any  condensa- 
tioit  or  significant  cooling  of  the  incoming  steam. 


D-9.  Recommendations 

RCi  i'lci'iciits  'if  the  vupor-cyclc  power  sy  site  in  slciini  cn^ioc  inocl*- !  should 

procieed  per  the  Ibllowing  guidance.* 

»  Stall  w  ith  a  fixed  engine  size  (cylinder  volume)  and  specify  variou  percent¬ 
ages  of  cutoff. 

*  Accommodate  a  variable  weight  for  the  steam  being  compressed  and  for  the 
weight  remaining  after  blowoff  to  be  mixed  during  admission. 

“  Increase  compression  ratio  to  3,3  :  1  or  3.‘>  ;  1 

^  J  U  pi  l^liv..l  vaivv  111  lliv..  iiiicav.1  Mv.uc«  iimi  win.-* 

compressed  steam  to  the  admission  manifold  whenever  the  preset  pressure  is 
exceeded  in  the  compression  process. 

•  Calculate  IMEP  produced  by  each  specified  value  of  ctitoff  and  pick  operat¬ 
ing  values  of  IMEP  from  the  graph  of  these  results. 


»  Develop  a  model  using  automated  .^team  tables  to  determine  properties  at 
various  points  in  the  cycles.  Evaluate  performance  at  feed  -steam  pressure  and 
temperature  conditions  of  l.'SOO  psi  and  1 20()°F  for  comparison  with  baseline 
conditions. 


*/  jf’cl  that  ihcsc  (inulvscs  dinl  (Lssachiwil  fxiicnnwni.s  wimlii  iiiakc  iilcal  prajcclsjor  ciii^mccrini;  siiHh’ni.'i  majoi  iiii; 
in  the  diM  ipliiic  aj  llwi  nunlyiianiirs. 
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•  Develop  detailed  loss  mechanisms  for  each  phase  of  the  engine  cycle  so  as  to 
predict  actual  indicated  effective  pressure  instead  of  ideal  IMEP. 

•  Consider  alternative  admission  and  exhaust  processes  that  do  not  necessarily 
support  a  common  entropy  line  to  define  engine  operation. 

•  Develop  or  adapt  detai  led  models,  based  on  material  aval  lable  in  the  engineer¬ 
ing  literature,  for  all  the  elements  of  the  vapor-cycle  system  (boiler,  piping, 
condenser,  feed  pump,  valves,  etc). 
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